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ABSTRACT
The current work focused on the study of flexible electronic circuits for use in aerospace
applications with emphasis on RF Connectors. The electrical and mechanical performance of the
flexible circuits was studied and compared to a standard coaxial cable for feasibility study in
avionics space. Also, Anisotropic Conductive Films (ACF) are studied for connecting the
flexible RF connectors and their performance studied for electrical and mechanical behavior with
change in bonding parameters.
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CHAPTER 1: INTRODUCTION
1.1 PURPOSE, GOALS AND SCOPE OF RESEARCH
The aerospace electronic packaging industry is witnessing a number of technological
advances in the flexible electronics domain. Current research in this field is focused on
developing new materials and processing techniques. Efforts are underway to design lighter fuel
efficient space vehicles that can travel larger distances and sustain themselves for a longer period
of time without the need to replenish fueling too often. Flexible electronics seems to have the
solution to this problem and has been around for quite some time but the use of flexible
electronics in avionics packaging is relatively new. Flexible circuits in avionics have been used a
long time if you only consider rigid-flex-rigid circuit boards. What is new is the use of flex for
external connections/harnessing. Flexible cables are being treated as complete circuit designs
that offer a number of advantages compared to their conventional counterparts and this has been
discussed in detail in the later part of this study.
The current study primarily aimed at studying and developing Flexible Interconnects for
Aerospace Applications to increase the effective payload for aircrafts and space crafts by
minimizing the excessive weight and volume attributed to robust and bulky connectors adding
superfluous load but not functionality. The idea of the research was to design, fabricate, test and
better understand an approach to increase the effective payload on a particular space vehicle /
aircraft by better utilizing the existing system but replacing these massive structures with flex
circuitry which would minimize touch labor while reducing the overall mass and volume of the
electrical component, still maintaining the same functionality. Design criteria for flexible
interconnections included electrical, environmental and handling considerations. Designing
software allowed the capacity to design circuits that met the required specifications and criteria
1

and could be manufactured and debugged easily. Also, flexible circuits provided the capability to
develop automated test beds that could be used to identify and hence rectify modules before they
are integrated at the system level. Figure 1.1 shows the comparison between a discrete wire cable
with individual signal lines soldered to the connecting socket versus an equivalent flex circuit
design model.

~10 cm

~5 cm

Figure 1.1: Discrete cable versus the equivalent flex
circuit
It is clearly evident that flex design allows easier trouble shooting and modularity
compared to the conventional approach as it allows an easy change in the CAD design in order to
resolve a design issue. Also, once designed, these parts are easy to manufacture in bulk and
integrate in the system. Modularization also permits easy serviceability of these design units as
resistors can be embedded at regular intervals for trace continuity measurement. Limited
applications of flexible circuits such as this one have been prevalent in the past but having larger
sized application in flight hardware has almost been non-existent. Wire harnesses using
2

polyimide insulation have acquired a bad reputation due to the “zippering” phenomena whereby
a large voltage causes breakdown of the insulation, rapid carbonization and failure. These
incidents can be traced to misapplication of the wire. With proper design, allowance for bend
radii and insulation sizing, the problems are eliminated (see Figures 1.2, 1.3 & 1.4). Figures 1.2
indicates a 6 feet long cable that offers high flexibility for installation and flex applications.
Figure 1.3 shows a cable design with Cu cross-hatched shielding for EMI applications. Figure
1.4 uses a silver epoxy shielding for EMI. The cable under study for current research consisted of
Cu-polyamide laminate fabrication. The overall thickness of the cable with lamination was
around 300 microns. These structures will be used for flex-flex interconnections for avionics and
the performance needed to be evaluated. Electrical and mechanical reliability and factors
affecting design improvements based on the test were studied. Factors affecting mechanical and
electrical performance for flex-flex connections were also discussed including anisotropic
conductive films (ACF) and post- and pre-cure temperature effects on the bond.
Increasing packaging densities and high performance applications require flat cable
designs with triplate structures with metallization on both sides of the dielectric film. Crosstalk
analysis becomes an important criterion for these structures. The pitch for the differential signal
pair used for this application was about 0.08“.

3

6 feet length

Figure 1.2: Flex circuit tether, six feet long with four
layers and two shields.

2 feet

Figure 1.3: Shielded flex cable using cross hatched
copper shield.

4

1 foot

Figure 1.4: Four-layer shielded cable incorporating
silver epoxy shielding
For the current study, the electrical performance of a flat flexible cable was characterized
for frequency analysis response in the frequency range DC-20MHz. The differential signal pair
design with full side and outer shielding was chosen over other partially shielded configurations.
The experimental results of EMI/EMC radiation and susceptibility for all three configurations
were compared to the test results for a conventional round-wire cable. Additional analysis on the
test results compared the relative performance between the flex cabling and the conventional
cabling. The cables were approximately 3’ in length. The review discusses the performancelimiting factors and suggests design changes for improved results. The future design changes will
include use of alternative methods and materials for enhanced performances.
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1.2 LITERATURE REVIEW
Conventional round-wire cables have been used in aerospace vehicles for many years.
These structures are bulky and occupy a large amount of volume, thus reducing the overall
packaging density of electronics inside the vehicle. These harnesses also subtract from the usable
payload of the vehicle.
Flat cables can be fabricated by batch processing and hence provide low cost of
production. They offer about 80% improvement in mass reduction and about 80% reduction in
occupied volume. (E.g. a conventional coaxial cable of about 3’ length would have a mass of
about 100 grams while an equivalent FFC would weigh about 20 grams. Also, for a conventional
coaxial cable of 3 feet in length and 5mm in diameter, the overall volume occupied would be
7.65x10-5 m3 and for the same length for a cable about 2.5” wide and 300 micron thickness
would be 1.68x10-5 m3.
These structures also provide high degree of flexibility and hence can be easily bent and
flexed to provide connections that are highly flexible and provide the user more design latitude.

1.2.1 FLAT FLEXIBLE CABLES
1.2.1.1 PERFORMANCE BASED ON CONFIGURATION

Figure 1.5 plot (1) is for conventional coaxial cable, at low frequency the Zt (transfer
impedance) is equal to the resistance of the shielding and performance improves after frequency
of about 10 MHz. [1] This is due to skin effect where at high frequencies the current moves on

6

the surface of the material and circulates within the skin of the material & the skin depth for Cu
at 16 MHz = 16 microns

1) Zt = -1 ohm (poor)
2) Zt = 0.1 ohm (fair)
3) Zt = 0.01 ohm (good)
4) Zt = 0.001 ohm (excellent)

Figure 1.5: Transfer Impedance versus frequency (Based on
Configuration) [1]

It is important to note that the resistance of the shielding increases with frequency but so
does the performance. Hence, it is important to note that at lower frequencies, the amount of
material plays an important role in shielding effectiveness while at higher frequencies (f>>fσ;
fσ=skin effect frequency for material); there is no need for large shielding.
For a braided shield, Figure 1.5 plot (2), the low frequency performance is equal to the
shield resistance and above 1 MHz the performance starts to degrade because with increasing
frequency, the magnetic field penetrates the cable and causes interference. For the FFC in Figure
1.5 plot (3), the performance curve is comparable to a conventional coaxial cable. The formula
for skin depth is:
SkinDepth(σ ) = 66.1* k /

σ = skin depth
k = function of material, for Cu k = 1
f = frequency
7

f

…Equation 1.2.1

1.2.1.2 PERFORMANCE BASED ON CONSTRUCTION

Figure 1.6 (a) plot (1) is for single-side shielded conductor and drops in performance to a
minimum at about 1 MHz.

(a)

(b)

Figure 1.6: Transfer Impedance and Signal Line
Layout[1]
Plot (2) is for a double-sided shielded conductor and has improved performance over a singlesided conductor. The performance for a 360 degree shield is the best of all configurations, and
furthermore, two wrapped shields shown in plot (3,4) give no significant improvement. All of the
configurations are shown in the Figure 1.6 (b) for construction details. [1]

1.2.1.3 COMPARISON BASED ON MATERIALS USED FOR SIGNAL PAIR
CONSTRUCTION

Performance based on different materials used for construction purposes is evaluated and
plotted when using conductive paint, aluminum, copper and some copper alloys. The results
generally conform to the material properties based on their resistances except for Cu alloys,

8

where there is an attenuation of about 30 dB between 1 and 10 MHz. [1]. This is graphically
shown in Figure 1.7.

Figure 1.7: Transfer Impedance versus frequency [1]

The resistance of Al is twice that of Cu (-6dB) for the same thickness but is about half the
cost & more flexible. Conductive paint has higher electrical resistance & is more expensive.

1.2.1.4 PERFORMANCE DEPENDENCE ON THICKNESS OF SHIELDING

The plot for different thickness of Cu conductors tested at different frequencies is shown
in Figure 1.8. With increasing thickness, the value of transfer impedance is very low, which is a
desirable condition. To get a 20dB improvement in performance the thickness of the cable has to
be increased by a factor of 10X [1].

9

Figure 1.8: Transfer Impedance versus frequency
(Based on signal line thickness) [1]

Again, it is important to consider the best cost / performance ratio but it is also important
to realize that any thickness more than 35 microns will make the structure significantly stiffer.
For the 250 micron thickness, fσ would be about 60 KHz.

1.2.1.5 FACTORS AFFECTING BENDING RELIABILITY OF FLEX CABLES

The flexible cables are designed to provide high degree of bending and flexibility.
Studies have been done to quantify these in terms of the life cycle, and hence reliability of these
structures. The effect of design parameters (material, dimensions, etc.) on the bending fatigue
lifetime (Nf) of FFCs has been studied earlier.
1)

Materials: Conductor, Film (Insulation), Adhesive

2)

Size and shape: Size, conductor thickness, film thickness, adhesive thickness
10

3)

Conditions of hot rolling lamination: Pressure, temperature, speed

4)

Usage environment: Bending speed, temperature
Applications for flat flexible cables are in areas requiring multiple bending fatigue

Certain examples include peripherals in the computers and printers that typically involve
repetitive bending motion during device operation. The bending cycles for such applications
range to about 10,000K cycles. However, for the current study for aerospace harness
applications, the number of cycles would be comparatively very low as they will not be installed
in moving parts, but will be used as connecting structures providing high degree of flexibility.
Typical bending speeds for these applications are about 100 cycles / min, much lower than that
used for peripheral devices in computer hardware.
Nf specification is required as a criteria to determine the flexibility performance of the
cable. Evaluation is done at room temperature conditions. It is very important to realize the
change in performance characteristic curves at elevated temperatures of about >50o C since there
is a temperature difference for the operating conditions of the device during working.
The relationship between the bending fatigue lifetime (Nf) and the surface bending strain
of the conductor is explained by the following equation:
ε = hc /(2 R − H ) x100%

ε

= surface bending strain (%)

hc = conductor thickness
H = FFC thickness
R = outer bending radius of FFC
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…Equation 1.2.2

1.2.1.6 EFFECT OF STRUCTURE ON BENDING FATIGUE LIFETIME

Figure 1.9 shows effects of bending radius (R) on fatigue lifetime (Nf) [2] from previous
study

Figure 1.9: Bending radius and bending-fatigue
lifetime[2]

hF = dielectric thickness
hA = adhesive thickness

Figure 1.9 above shows correlation between bending radius and the bending fatigue
lifetime. There is a direct correlation between bending lifetime with bending radius, however
inverse relationship with conductor thickness. Using the equation for bending strain, the plot for
bending strain v/s bending-fatigue lifetime is shown above in Figure 1.10.

Figure 1.10:Bending strain and bending-fatigue
lifetime[2]
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Also, there are other factors such as effect of thickness ratio of conductor and insulator
that need to be accounted for to understand this relationship. Hence, the guiding equation used in
this work to determine the bending fatigue lifetime (Nf) of FFCs is Coffin-Manson’s law. In their
work, Coffin and Manson found that log ε and log Nf are coupled in a way described as the sum
of two linear relations. These are log εp to log Nf and log εe to log Nf , where εp and εe are plastic
and elastic strains respectively. [2]

ε = εe＋εp ,

… Equation 1.2.3

εe = Ce • Nf –β

… Equation 1.2.4

εp = Cp • Nf –α

… Equation 1.2.5

Cp, Ce, α, and β are constants calculated experimentally.
The relationship between Bending Strain and Bending Fatigue Lifetime is illustrated in Figure
1.11

Figure 1.11: Concept of bending-fatigue lifetime [2]
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It is important to note that Coffin-Manson’s law is applicable for low cycle fatigue of
metals and has validity for a range of 107 cycles for metals (Cu and Al) and 108 cycles for Flex
cable. For bending fatigue lifetime over 106 cycles, the elastic strain portion is dominant [2]. The
following relationship hold true in that case
ε = Ce • Nf –β

… Equation 1.2.6

ε = Ce • Nf – α

… Equation 1.2.7

For the plastic strain portion,

The formula for predicting the bending-fatigue lifetime for FFCs is given as

Nf = 0.102*106 * K 0.63 * ε −5.31

… Equation 1.2.8

K = thickness ratio between conductor and insulator
K = (hc / hF + hA)
hc = conductor thickness
hF = film thickness
hA = adhesive thickness

The equation suggests increasing the value of thickness ratio between conductor and insulator
(K) increases bending fatigue lifetime of the FFCs as highlighted by the Figure 1.12.
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Figure 1.12: K ratio and bending-fatigue lifetime [2]

1.2.1.7 EFFECTS OF USAGE ENVIRONMENT

Previous experimental data suggests that the bending lifetime increases with increasing
bending speeds in the range of 120-2000 cycles/min. Also, with increasing environment
temperatures the bending fatigue lifetime decreases. Results are tabulated below in Table 1.1 [2]
The bending-fatigue lifetime (Nf) decreased as the usage temperature increased
* Nfo is bending-fatigue lifetime at 23oC
Temperature
(oC)

Bending-fatigue
lifetime, Nf
(number of cycles)

Percentage decrease*
(1- Nf - Nfo) x 100%

23

2.80 x 106

0

35

1.11x 106

61

45

0.90 x 106

68

50

0.76 x 106

71

60

0.57 x 106

80

Table 1.1: Usage temperature and Nf
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1.2.2 FLEX-FLEX BONDING
1.2.2.1 EFFECT OF CURING TEMPERATURE

The relationship between the degree of conversion of the anisotropic conductive film and
peel strength of the FPC / glass joint is shown by Figure 1.13 below [8]

Figure 1.13: Degree of conversion and peel strength [8]
The bonding process was carried out for different ranges of temperature between 433oK –
493oK. With the increasing degree of conversion of the ACF epoxy, the peel strength of the joint
increases [8]. Hence, it is very critical to cure the ACF as per the specified value for the ACF and
also the transition temperatures of the bonding surfaces. It can be seen that for a 60 oK change in
temperature, the difference in peel strength is about 200 N/m.
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1.2.2.2 EFFECT OF BONDING PRESSURE ON BOND RESISTANCE

As shown in the Figure 1.14, with increasing bonding pressure, the electrical resistance of
the connection decreases. This is due to the fact that with increasing pressure, the effective
conductive surface area of the particles provides a conductive path for the electrical signal and
hence reduces the overall resistance of the path. Another interesting observation would be that
with increasing number of particles trapped between the bonding surfaces, the resistance should
decrease. [3]

Figure 1.14: Bonding Pressure and Resistance [3]
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1.2.2.3 DEVELOPMENT OF NOVEL ACF TAPE

In order to increase the reliability and throughput in the electronic packaging and
assembly industry, improvements are being made in the ACF structure which can contribute to
better throughput. With the increasing use of the ACF tapes in fine pitched circuits, it becomes
important to have reliability of operation and high throughput post bonding the ACF to the pads.
The construction of one of these tapes has been described in the following Figure 1.15 [4]:

Figure 1.15: Cross-section structure of novel ACF [4]
Metallic pillars (in this example Copper) are embedded in the insulating adhesive
material, placed at a uniform pitch. This is different from the conventional ACF tape
construction where the conductive particles are randomly suspended in the adhesive material.
This pillar construction provides dual advantage, it helps to select ACF tapes based on the pitch
of the bond pads on the circuit and secondly, it provides a direct electrical path between the
bonding structures, unlike the conventional ACF tapes where the Z-axis electrical conductive
path is formed by the conductive particles forming an electrical path under thermo compressive
pressure.
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1.3 UNDERSTANDING DESIGN AND APPROACH
The current process was developed in collaboration with Q-flex, Inc., Santa Ana,
California. The design for a conventional round cable has been shown in the Figure 1.16 where
the central conducting signal is a copper signal line that was insulated from the outer meshed
copper shielding by an insulating material. Also, the outer meshed shielding was covered by an
insulating layer, to prevent signal loss.

Figure 1.16: Conventional round cable & its flex
counterpart

The current design used a similar approach where a flex circuit was developed using
signal pairs with 360 degree shielding. The process is shown in Figure 1.17. Kapton layers

19

(insulating) are designated “K” and copper layers (conductors and shields) are designated with
Cu. The adhesive bonding layers have been omitted for clarity.

Bare, un-etched flex circuit
Cu
K
Cu

1

Print and etch (end-view of conductors)

2
Signal pair

Laminate bottom shield layer with insulation

Void space filled
with adhesive

3

Laser used to create continuous “troughs”

4

Troughs filled with conductive material

5

Figure 1.17 Fabrication steps for circumferential
shielding of a conductor pair
Note: The black dots signify a completely enclosed electrical shield/path around the signal lines.
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In step 1 of the Figure 1.17, basic two-sided flex circuit was prepared for patterning and
etching to provide a pair on longitudinal conductors on the bottom. Two grooves through the
copper plane were produced on the top surface. These features are shown in step 2. In step 3,
another single-sided flex circuit layer was laminated to the signal pair side of the previous flex
circuit. Now there were three copper layers, two of which were etched. In step 4, a laser was
used to remove Kapton and adhesive through the top surface grooves clear to the bottom layer of
copper. The copper was not removed easily and provided a “stop” to the laser cutting. The flex
circuit now had two signal conductors lying between two longitudinal channels that were open.
In step 5, conductive materials were used to fill the channels thus providing a circumferential
shield as shown by the dotted box. This signal and shield arrangement provided all of the
advantages of twisted shielded pair except for the twisted conductors. This was not perceived as
a major drawback due to the controlled impedance nature of the conductors, controlled spacing
from adjacent conductors and the capability to control all characteristics of the intervening shield
such as number of shields (could be more than one), width of shield, shield material, distance of
shield away from conductors, etc. The signal line and its return were placed in close proximity,
maintaining equivalent induced noise from a common source, supporting differential signal
common-mode rejection at the receiver.

1.3.1 ELECTRIC DIPOLE RADIATION [15]

Electromagnetic radiation, by definition, is a self propagating wave through space or
matter [14]. An electric dipole, formed by a pair of charges of equal magnitude “q” and of
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opposite signs as shown in Figure 1.18, where

represents the electrical component and

represents the magnetic component.

s

Figure 1.18 Magnetic and Electrical Component of EM
Radiation [15]

The total charge is zero and vector s (displacement vector) is oriented from –q to +q charge. The
dipole moment p is given by the equation
p = q * s

… Equation 1.2.9

An electric dipole with charge q0 whose moment is a sinusoidal function of time is given
by the equation
q = q0 * ejwt

… Equation 1.2.10

where w (Angular Frequency) = 2 * pi * frequency; t = time in sec
p = q0 * ejwt * s

… Equation 1.2.11

An oscillating dipole could be a pair spheres or conductors of finite capacitance, joined
by a wire of negligible capacitance.
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1.3.2 ELECTRIC DIPOLE RADIATION PATTERN AND GAIN [16]

The dipole is formed by two conductors of combined length L, fed at the center of the
dipole (Figure 1.19). The current is maximal (Io) at the center of the antenna and decreases
linearly to zero at the ends of the conductors. The maximal emission is in the perpendicular plane
to the direction of the central axis of the dipole antenna.

Figure 1.19 Radiation pattern of dipole antenna [16]

Dipoles have a donut shaped pattern for radiation emission and radiation susceptibility.
The center of the dipole acts as the axis to the toroidal pattern.
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Figure 1.20 shows the radiation pattern for the half-wave dipole antenna. Both figures
indicate the radiation pattern of the dipole antenna, just on two different scales, the linear scale
on the left side and the decibel scale on the right.

Figure 1.20 Radiation pattern of dipole antenna [16]
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CHAPTER 2: FLEXIBLE ELECTRONICS MATERIAL ANALYSIS
The fabrication of single sided flexible cables involves the following materials:

2.1 FLAT FLEXIBLE CABLE MATERIALS
1. Copper
2. Kapton
3. Bonding Adhesive
4. Ag Ink / Electroless Cu plating (Side shielding)

2.2 FLEX-FLEX BONDING MATERIALS
1. Anisotropic Conductive Film (3M 5460R)
2. Single-sided Dupont Kapton

2.2.1 BONDING SAMPLE
Dupont Kapton® 8510 polyamide film with copper foil on one side is used to fabricate
the single-sided flex coupon.
Dielectric thickness: 1 mil
Copper thickness: 18 microns (0.5 oz/ft2)
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2.2.2 ACF TAPE
The ACF tape used as a uni-directional (Z-direction) connector was a 3M product, 3M
5460R with the specifications as mentioned in Table 2.1. The details of the construction of
single-sided flex circuits is discussed in the flexible electronic circuit fabrication section

Property

Value

Adhesive Type

Cyanate Ester and Epoxy / Thermoplastic Blend

Particle Type

Gold plated nickel

Particle Size

7 µm

Liner Type

Polyester Film with Silicone release

Adhesive Thickness

40 µm

Liner Thickness

38 µm

Minimum Gap

100 µm

Minimum Overlap Area 0.065 mm2
Maximum Current

100 mA / 0.1 mm2

Table 2.1 3M 5460R (ACF tape) specifications
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CHAPTER 3: FLEXIBLE ELECTRONIC CIRCUIT DESIGN
3.1 FLAT FLEXIBLE CABLE DESIGN
Q-flex developed the design for the flexible cable fabrication. The design incorporates
three different configurations,
1)

Single conductor pair with no side shielding

2)

Conductor pair with side shielding

3)

Conductor with no side shielding and other conductor with side shielding

The Gerber file design for the cable layout has been shown in the CAD design pictures
dissected as layers in Figure 3.1 and Figure 3.2
Periphery

Top
Bottom
Ground
plane

Bottom
Laser cut
opening
for side
shielding

Elec. trace
resistance
openings

(a)

(b)

Figure 3.1 CAD Design for FFC (Bottom Cu - GND
plane)
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Top

Top Bond
pad opening

Signal
Lines

Side
Shield

Top
Copper
Plane

Bottom

(a)

(b)

Figure 3.2 CAD Design for FFC (Top Cu - GND plane)

The Gerber file design for the cable layout is shown in the CAD design pictures. The
entire length of the cable has not been shown, which is 3 feet in length, but the top and the
bottom portions of the cable with all the electrical connections have been demonstrated and
explained. These pictures are very useful in understanding the manufacturing of the flex
structures which follows in the following sections. As shown in Figure 3.1 (a), the bottom cover
of the cables had the openings for the bond pads cut out of the cover layer laminate using laser
cutting. These provided the electrical accessibility to the electrical signal lines running through
the length of the circuit. The outer lines mark the boundary of the periphery, inside of which all
the three different configurations mentioned above were fabricated. The second design drawing
in Figure 3.1 (b) explains the bottom Copper layer which acted as the bottom ground plane for
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the circuit. Note that the bottom copper plane had the openings for the side shielding. This side
shielding was silver epoxy ink filling. Thus, this layer provided the ground plane and the side
shielding planes for the signal lines that were enclosed within the top and the bottom copper
ground planes. Figure 3.2 (a) shows the middle layer design of the signal lines for all the three
different configurations. As shown from left to right, the first arm of the circuit showed a single
conductor line with side shielding as well as the single conductor line with no side shielding. In
the central arm, the configuration of the signal conductor pair with side shielding was designed.
Following this on the extreme right was the signal conductor pair with no side shielding. Also,
the side shielding troughs that were lasered out to be eventually filled by Ag filled silver
conductive ink or filling up with Electroless Copper are shown in the CAD drawings for the
central layer.
Finally, the top layer of the design is shown in Figure 3.2 (b). This layer acted as the top
Copper Ground plane. This layer also shows the openings for the top cover layer that provide the
access to the underlying signal lines as well as the side shielding and ground planes. The
manufacturing techniques for these different layers are described in the following sections that
discuss the fabrication processes in detail.
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Figure 3.3 shows the cross-sectional images of the Electroless Cu filled side shielding (Figure
3.3 (a)), the Ag conductive ink filled side shielding (Figure 3.3 (b)) as well as the no channel side
shielding (Figure 3.3 (c)).

Scale

Scale
(Scale: 90um)

Scale

Figure 3.3: Cross Sectional views (Shielding)
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3.2 FLEX-FLEX BOND SAMPLE DESIGN
The AutoCAD design for the Copper-polyimide samples is shown in Figure 3.4.

Y

X

Dimensions in Inches
Figure 3.4: AutoCAD design (single sided flex coupons)
The project team at University of Arkansas developed a simple design in order to better
understand the flex-flex bonding mechanism using the anisotropic conductive films. This was
used to accomplish Z-directional conductivity while still maintaining XY plane electrical
isolation. As shown, the study used test coupons which were essentially single sided flexcircuitries and were bonded using ACF tapes on their bonding pads and verified for electrical
conductivity and performance.
The dimensions of the design shown in CAD design are in inches. The length of each
single-sided coupon was 3” and the width is 1”. Alignment holes (62 mils diameter) were aligned
with the center of the bond pads (50 mils diameter). There were seven vertical traces on the flex
coupon which had vertical electrical conductivity and the ones alongside were electrically open.
The gap between two consecutive bond pads electrically isolated was 70 mils. Two of these
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single-sided coupons were aligned using alignment pins that were inserted in the alignment holes
and connected with the bond side facing each other by flipping and rotating one of the samples.
Further details of how the flex-flex sample bonding samples were prepared have is discussed in
Section 5.3.1 of this study.
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CHAPTER 4: FLEXIBLE ELECTRONICS CIRCUIT FABRICATION
This section explains the fabrication processes for flexible circuit fabrication and
identifies factors causing change in performance of these circuits.
4.1 PROCESS FLOW
The flow chart below in Figure 4.1 illustrates the process flow of the stages of flex circuit
fabrication and each stage of fabrication is discussed in Section 4.2.

Substrate
preparation

(Dry) Photo
resist
application

Photolithographic
Patterning

Coverlay
(Lamination)
Photo resist
development
Electroless Cu
(Via Plating)

Flexible Circuit Fabrication
Defect removal
(pinhole removal)

Ag-ink Side shielding
(After Lasering)

Die Cutting

Resist Stripping

Wet etching

Figure 4.1: Flexible Circuit Fabrication (Processing
stages)

33

4.2 PROCESS DETAILS

4.2.1 SUBSTRATE PREPARATION

Substrate preparation was a very important stage which determined the performance of
the circuit. An acrylic board was laid on a flat surface followed by a roll of Cu coated Kapton,
cut according to the desired length of the circuit. (Figure 4.2 (a), (b)). This was a critical process
as surface imperfections introduced during this stage affect the circuit performance by breaking
open an electrical path during further processing stages. This is indicated by Figure 4.2 (c).

(a)

(b)

Dent

(c)
Figure 4.2: Substrate preparation
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A solution of Methyl Ethyl Ketone (MEK), which acted as a solvent was applied to the
surface of the acrylic board followed by Isopropyl Alcohol (IPA) to remove the small impurities
from the surface and provide flatness to support the substrate. The Kapton-Cu roll was taped to
the substrate and then cleaned using the MEK solution followed by the IPA solution. A scotch
brite pad was used to slightly scrub the surface of the Cu layer to provide better adhesion to the
photoresist film that was applied in the following stage. This was again followed by a cleaning
process using MEK and IPA solution to remove the Cu particles generated during the scrubbing
process. The Cu layer was cleaned using a very soft paper cloth towel and rolled gently without
causing any creases to be processed for the next stage of photoresist application.
Please take the following precautions when preparing the samples:
1. Gloves should be worn at all times when working on these processes
2. A disposable dust breathing mask should be worn and the work area should be well
ventilated while using the MEK solution as inhalation of its fumes can cause human health
effects.

4.2.2 PHOTO RESIST APPLICATION

The next stage of processing was application of a photosensitive film on the substrate for
photolithographic patterning. This was achieved using the setup shown in Figure 4.3 (a). The
photolithographic film was wound on the top roller of the machine and used to bond to the
surface of the substrate, one or both sides, depending on whether the circuit was single-sided or
double-sided. For this particular case, the circuit was a single-sided flex and hence only the top
surface was covered with the photoresist tape. Depending on the specifications of the
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photosensitive film, the adjustments were made on the panel provided on the machine to vary
temperature and pressure for good adhesion and uniform application of the film (Figure 4.3 (b)).
It was very important to have a well coated film on the substrate or air gaps might cause some
problems during the stage of exposure during photolithographic patterning by light bending.

PR Film

Substrate

Temp and Pressure ctrl

(a)

(b)

(c)

Figure 4.3: Photoresist application

At the rear end of the machine the photoresist coated film was rolled up and the excess
photoresist was removed from the sides of the substrate (Figure 4.3 (c)).
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Please take the following precautions:
1.

The surface of the substrate should be clean enough before application of the
photosensitive polymer tape so that dust particles are not trapped on its surface. This is
also achieved by using an antistatic cloth to rub the surface of the substrate before the
film is applied on top.

2.

The part of the film that is sitting on the reel, already exposed to the environment should
be removed as it will have tiny particles clinging to its surface which will result in surface
non-uniformities when the tape comes in contact with the substrate.

3.

Always use a test board to check for proper adhesion of the tape to the surface and make
sure that the end result is wrinkle free as this will result in non-uniform exposure during
the process of photolithography.

4.2.3 PHOTOLITHOGRAPHIC PATTERNING

Photolithographic patterning is the process when the image of the circuit on the photo
mask is transferred to the surface of the substrate coated with a photosensitive material (negative
PR) using UV light (wavelength ~300nm – 400nm, 5000 W – 6000 W irradiation).
Exposure time is calculated by using a Stouffer Sensitivity Guide or “step tablet” as
shown in Figure 4.4 (a). There is a series of 21 steps on the strip which varied in density, which
is used to indicate different levels of energy for exposure. There is a gradient from 100%
transparent (step 1) to totally opaque for light (step 21). Generally, for UV wavelengths used in
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imaging, every step of the marking indicates an increment of a constant multiplication factor
1.414 [9] to be used for energy calculation. Calibration was very critical for accurately
developing the features on the substrate being exposed. A high power UV lamp (5KW – 6KW),
with an exposure range of wavelength varying from 300nm – 400 nm was used to expose the
substrate, that was aligned with mask, which had the design to be transferred to the substrate.

UV Light source

(a)

(b)

Vacuum suction
Timer watch

(c)

(d)

Figure 4.4: Photolithographic Imaging
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The assembly was housed in a big room and placed at a fixed distance and position in the
room (Figure 4.4 (b)). The substrate with the photosensitive film laminated on top was placed in
the glass frame that supported it and was capable of creating vacuum in the glass chamber. It was
aligned with the photomask and taped down to the surface, and vacuum was drawn down to
perfectly join the surfaces and prevent any air bubbles and misalignment (Figure 4.4 (c)). The
Stouffer was placed between the photo resist and a clear area on the artwork. The area to be
exposed and the initial exposure time was calculated by dividing output power of the UV lamp
(Watts) by total area of illumination (cm2). The energy requirements of the photosensitive film
were specified in mJ / cm2. If it was a two-sided design, multiply the result by a factor of 2 to get
a good estimate of exposure time in “seconds”. This time was used as initial exposure time to
expose and develop the board. The examination of the Stouffer gauge revealed two important
details:

1. The step number where some number was still present was called the “exposure number”.
2. The step number that showed no removal of film was called the “step held”.

The step number is a specification, provided with the spec sheet of the photoresist (PR)
being used. Hence, the exposure time requirement calculation is critical to meet the
specifications for the PR film. As each step on the strip is separated by a factor of 1.414*
(1.414….steps) , the energy is divided by that factor if the sample was over exposed. Similarly,
if it was under exposed, it needed to be multiplied by a similar factor to the degree of under
exposure. As an example, consider having an initial exposure number of 3 (step held = 2), the
exposure time needed to be multiplied by 1.414*1.414*1.414 = 2.83.
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A timer was used to set the exposure time and the substrate aligned to the artwork was
exposed to this UV radiation Figure 4.4 (d). The controls for the exposure intensity and timer
were available on the control panel of the machine (Figure 4.5 (a)) and also the glass frame to
hold the sample (Figure 4.5 (b)).

Sample holder

(a)
(b)
Figure 4.5: Dupont Photolithographic Imaging Machine

4.2.4 PHOTO RESIST DEVELOPMENT

To develop the features on the circuit after exposure to UV lights, an aqueous solution of
1% (wt.) sodium carbonate (Na2CO3, soda ash) was used at a temperature 100 oF (+/- 5oF). The
Mylar film on top was removed before this operation and the samples were developed in a twochamber arrangement (Figure 4.6 (a)) with sprinklers pouring down the developer on the surface
of the substrate. The samples were rinsed in the third chamber by forcibly sprinkling and
cleaning with water (Figure 4.6 (b)). A blower was used to dry the excessive water and remove
moisture from the surface using hot air at the last stage of developing (Figure 4.6 (c))
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Mylar film
Developer Chamber

(a)

(b)

Leader
Blow Dry

(c)
Figure 4.6: Photo resist development
Take the following precautions:
1.

It is very important to connect a leader to the samples in order to prevent bending of
the samples during fabrication when passing through the machines.

2.

Periodic cleaning of the nozzles of the sprinklers is very necessary in order to
maintain a consistent flow of developer solution on the samples. Also, clogging may
result in incomplete development of the exposed samples.
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4.2.5 DEFECT REMOVAL

After developing the features on the sample, defect removal was one of the important
stages of making sure that pin holes were not created on the design. This was done by inspecting
the developed samples with a lighted magnifying glass or microscope, depending on the feature
size on the samples. A protective ink was used to cover up the Cu spots that were exposed and
could result in shorting of two traces on the circuit, or else result in microscopic pinholes at
undesired locations on the circuit during the following stage of etching. Figure 4.7 shows
inspection and defect removal being done manually.

Silver ink (defect
repair)

(a)
(b)
Figure 4.7: Defect removal (Etch resist material)

As shown in Figure 4.7 (a), defects created due to dust particles and static charges were
covered with the touching pen, which was nothing but etch resist material used to cover surface
imperfections. A blow dryer was used to dry the material (Figure 4.7 (b)).
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4.2.6 WET ETCHING

To remove the excess material after exposure of UV radiation and developing the
exposed image, wet etching was carried out. A mixture of hydrogen peroxide, sulfuric acid,
copper sulfate and organic stabilizers was used as the etchant for Cu. (Figure 4.8 (a)). Etchant
was sprinkled on the substrate using a sprinkler (Figure 4.8 (b)).

Etchant

Wet Etch setup

(a)

(b)

Wash Rinse

(c)
Figure 4.8: Wet Etching

The etchant was removed from the sprinkler and rinsed with flowing DI water.
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The following precautions need to be taken during etching:
1. This operation involves an exothermic reaction (Cu -> Cu oxide; Cu oxide -> Copper
Sulfate) hence it is important to wear proper personal protection equipment (disposable dust
protection breathing mask, eye protection, thick rubber gloves) and working in a wellventilated area.
2. It is very important to periodically clean the nozzles of the sprinkler to ensure clog-free
operation and uniform etchant sprinkling on the samples.

4.2.7 RESIST STRIPPING

In order to strip off the resist, aqueous 3-5% solution of sodium hydroxide (NaOH) with a
pH value of about 14 was used, as shown in Figure 4.9 (a).

(a)

(b)

(c)

(d)
Figure 4.9: Resist stripping
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The solution temperature was about 130 oF (+/- 5oF) for the stripper bath. The time for
stripping the resist depended on how fresh and clean the stripper solution was. Hence, during the
stripping process, it was important to realize that the resist was removed completely. Constant
stirring and shaking of the sample made it faster as compared to the sample sitting in the bath
without stirring, as in the latter case the photo resist was not attacked by the fresh solution and
took longer to remove the excess resist (Figure 4.9 (b)). The sample was then rinsed in a water
bath and blow dried to remove water and moisture (Figure 4.9 (c), (d)). Please note that the resist
stripping process takes longer with ageing of the solution as it starts to become saturated with the
resist that is removed from the sample and slows down the reaction process; hence it is important
to determine this detail.

4.2.8 DIE CUTTING

Die cutting was one of the final processes of flexible circuit fabrication. The peripheral
outline of the circuit design was transferred to the wooden board using a laser. Steel blades were
fitted manually inside the grooves created using the laser (Figure 4.10 (a)). The bottom part of
the board was left exposed, with the blades and the top side was covered using a cushioning
layer, and the design pattern exposed (Figure 4.10 (b)) with alignment marks.
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Steel blades
Cushion

(a)

(b)

Alignment stub
Direction of applied force

(c)

(d)
Figure 4.10: Die Cutting

The alignment marks were used to align the processed samples (Figure 4.10 (c)) and in the final
step, pressure was applied on the board to cut the samples (Figure 4.10 (d)).

4.3 MULTI-LAYER PACKAGING PROCESS FLOW
The resulting structures created using the fabrication techniques discussed Section 4.2
were single sided flex circuits. These structures were created as single sided flex structures and
were assembled together to form multi-layer structures. Additional devices could be mounted on
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these flexible electronic circuits using similar methodologies. The process flow diagram for
fabricating double-sided flex structures is shown in Figure 4.11. The single sided flex structure,
as fabricated using the processes described in the previous section, was laminated to a bottom
ground Copper layer and the resulting structure design was as described in Figure 3.2 (Layer 2
+3). This structure was laminated to another Copper ground (Layer 1) plane that had been
printed and etched (refer Figure 3.1).

Figure 4.11: Process Flow Diagram
Laser channels were cut into the resulting 3-layered structure to create the side-shielding
troughs, which were later filled with conductive material (silver epoxy, Copper, etc.). Holes were
drilled into the structure to form vias for electrical connections, and were electroplated for Cu
plating. Layer 1 was printed and etched out for making the connections for external connectivity.
The entire structure was then enclosed in a coverlay and then die-cut into individual test
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structures (as multiple structures were fabricated on the same board) to form the flat flexible
structures. The effects on quality, performance and defects of the test structures of these
processes for flexible circuit fabrication were discussed in Section 4.2.

4.4 INVESTIGATING NON-LASER TECHNIQUES FOR CREATING SIDE SHIELD
The uses of non-laser techniques for creating troughs for side shield were investigated
using mechanical drill bits. The Quick Circuit tool from T-Tech Inc. was used to lay out the
design that was created using the IsoPro 2.0 for the circuitry. The Quick Circuit tool used drill
bits of different sizes and shapes to achieve this task. The picture for the Quick Circuit tool is
shown in Figure 4.12 and different parts of the tool are explained.

4.4.1 PROCEDURE

The setup in Figure 4.12 shows the tool used for mechanical drilling of the circuit design
by interfacing the Quick Circuit tooling assembly with the Isopro software. The design is
programmed to the software and by changing the size and shape of the drill bit assembly in the
tooling attachment and the shape of the cut can be controlled by controlling the speed of rotation
by using the software interface. The cross-sectional image for the trough created for the sideshielding assembly for the flex structures cut using the laser and filled with Ag-ink for side
shielding is shown in Figure 4.13. The cross section image was taken under an optical
microscope by setting up the flex cable in a polyamide mold, which was allowed to settle and
harden before the polishing tool was used to make the surface smooth. The images were used to
visualize interface boundaries.
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Drill bit

Sample to be cut

Mechanical support to
hold sample down

Figure 4.12: Mechanical fabrication of the troughs for
FFC side-shielding

Figure 4.13 shows the cross sectional view of a mechanical cut made by using a drill bit
(Figure 4.13 (b)) using the Quick Circuit mechanical assembly through the depth of the cable
(about 300 um thick) up to the ground plane of the cable (lower conducting plane). This was
achieved by using a double sided tape to allow the cable to stay leveled on the tooling surface.
Additional surface flatness was provided by using a sewing machine tooling attachment soldered
to the tooling attachment, holding the cable much flatter on the surface during the cutting action.
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Laser Cut
(Conductive Silver Epoxy filled)

(a)

Mechanical drill bit cut
(Conductive Silver Epoxy not filled)

(b)

Figure 4.13: Cross-sectional view (Trench)
Figure 4.13 (a) shows the lasered trough cross-section with the silver epoxy filled in the
trough. It is important to note that the width of the trough for Figure 4.13 (b) could be controlled
using the drill bit size.
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4.4.2 CHALLENGES

One of the major challenges with using this technique for mechanical drilling of the sideshielding troughs was that with the cables being flexible, the rotating action of the drill bits tore
through the thin flex cable, pulling the sample off the flat surface, which resulted in either
drilling through the sample design or creating rough side edges of the trough. This might lead to
sharper edges, which are not typically desired for RF signal transmissions. Also, the flatness of
the surface desired on the drilling tool is a limiting factor, especially for RF applications where
rough corners are not suitable.

4.4.3 CONCLUSIONS

Mechanical drilling can be a feasible option for some of the applications that do not
require a high degree of accuracy (in the range of 15-20 microns such as this case where the
thickness of the bottom Copper Ground plane was about 20 microns). Also, if the sample size is
in the range of a few centimeters, the trough is uniform, but for long range uniformities,
achieving the trough depths was one of the challenges. However, for smaller sample sizes this
method can prove to be an economical, quick and simple method of transferring CAD circuit
designs to packaging substrates such as Cu and Kapton.
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CHAPTER 5: EXPERIMENTAL TEST BED DESIGN
The following mechanical and electrical tests were performed on the FFC cables & flexflex bonding coupons.
Figure 5.1 summarizes the mechanical and electrical tests performed on the flexible
cables as well as the mechanical, electrical and analytical testing methodologies used for the
anisotropic conductive film characterization.

Figure 5.1: Experimental Test Bed Design
The following tests were conducted on the FFC for Mechanical & Electrical Reliability
5.1 MECHANICAL TESTING

5.1.1 THERMAL CYCLING

The following procedure was carried out in order to perform the thermal cycling testing
using the DESPATCH thermal cycling machine.
52

The first thing to be checked was supply for liquid Nitrogen (LN2). The level gauge showed the
amount of liquid nitrogen present in the cylinder. The LN2 cylinder was transferred on a dolly,
assuring that the notch provided in the dolly fit perfectly in the cylinder, to the LN2 filling
station.
The following steps were followed when filling liquid nitrogen into the cylinder.
1.

Fill the log book details

2.

Wear proper safety gear (gloves and eye protection helmet) before starting the filling
procedure

3.

Lower the platform for placing the cylinder by untying the straps

4.

Turn ON the digital measuring meter and bring it to zero position before putting the
cylinder on the platform.

5.

Move the cylinder on the platform carefully. Document the weight on the log book.
(Empty cylinder weighs about 225 lbs)

6.

Connect the hose liquid-to-liquid and vent-to-vent and just snug tight (Don’t tighten
too hard). Use the monkey wrench available to snug tight the assembly.

7.

Open main & bleed valve.

8.

Assure that safety valve is closed.

9.

Assure that liquid and vent valve in the cylinder are closed.

10.

Once Nitrogen start flowing in the bleed valve, close the main valve which was open
and then open it quarter turn and open the vent and liquid valve in the cylinder as
quickly as possible.

11.

Open safety valve and close bleed valve.

12.

Assure LN2 is filling the cylinder by looking at the digital scale of the meter.
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13.

Monitor the pressure on the gauge of the cylinder to assure the reading is around 40
PSI.

14.

Maintain the reading close to 40 PSI by continuously controlling the main valve.

Once nitrogen reaches the weight about 520-525 lbs, the leveler gauge should be on the top most
position.
1.

Close main valve.

2.

Close vent valve (on the cylinder).

3.

Close liquid valve (on the cylinder).

4.

Open bleed valve.

5.

Disconnect hose from the tank (liquid & vent). Use the monkey wrench available.

6.

Close safety valve.

7.

Log the final reading in the log book. Turn OFF the digital meter.

8.

Secure the hose back to their correct positions on the wall

9.

Put the cylinder on the dolly and assure that the notch provided in the dolly fits
perfectly in the cylinder. Remove the cylinder from the platform.

10.

Raise the platform and secure it to the wall using the available straps.

11.

Move the dolly back to the DESPATCH thermal cycling machine.

12.

Connect the liquid nitrogen cylinder to the machine by using the monkey wrench.
Snug tight the connection but not too hard.
The following steps were followed to complete the thermal cycling test for UUT (unit

under test) for one complete cycle.
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Before starting the test procedure the following points were verified:
•

Keep area open and ventilated for safe operating conditions. Ensure no buildup of
contaminants (dirt, blockage, etc.) that could reduce the air quantity, leading to unsafe
conditions. Nitrogen and carbon dioxide gases can cause suffocation, and eventually prove
fatal with prolonged exposures in a closed area.

•

Connections to LN2, CO2, water supply and drain should be clearly labeled on the chamber if
applicable to this unit.

•

Before putting the oven into regular service, the following items should be inspected and, if
necessary, adjusted: hi-limit and control instrument calibration, doors, hinges, latches and
other miscellaneous parts.
The test setup for Thermal Cycle Testing is shown in the Figure 5.2, showing the

Thermal Cycling Chamber as well as the Programming and Control Unit.

Oven

Thermal Cycling Machine

Controller

Figure 5.2 Thermal Cycling
1.

Turn the settings knob of the DMM to the Ohmmeter setting

2.

Measure the resistance of the FFC by connecting DMM between TPX and TPY for
measuring signal line resistance.
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3.

Document the reading in the test case document for bending test under the
BEFORE>Signal line resistance column.

4.

Measure the resistance of the FFC by connecting DMM between TPX1 and TPY1 for
measuring side shield resistance.

5.

Document the reading in the test case document for bending test under the
BEFORE>Side shield resistance column.

6.

Load chamber. Load spare components at least three inches from any internal surface.
DO NOT use any flammable solvent or other flammable materials or enclosed
containers in this work space.

7.

Close the door.

8.

Turn power ON.

9.

Turn Cooling ON.

10.

Turn liquid Nitrogen ON.

11.

Use the controller to RUN the program. (Refer program worksheet for Thermal
Cycling worksheet)

12.

Measure the resistance of the FFC by connecting DMM between TPX and TPY for
measuring signal line resistance.

13.

Document the reading in the test case document for thermal cycling test under the
AFTER>Signal line resistance column.

14.

Measure the resistance of the FFC by connecting DMM between TPX1 and TPY1 for
measuring side shield resistance.

15.

Document the reading in the test case document for bending test under the
AFTER>Side shield resistance column.

56

16.

Repeat the above steps for different samples.
When using the programmable mode to RUN a program using the controller, the very

first thing that needed to be done was to move from MANUAL mode of operation to
programmable mode of operation. This was done by going to the Main Menu of the controller
and selecting option 5 that displayed MANUAL and then press SEL to change CH1/CH2
programmable mode. This depended on whether the program incorporated CH1/CH2. More
details to program the controller were obtained by referring to the Manual for the FastTrac
controller. In the manual, Chapter 3 had two tutorials to write enter and enter programs in the
controller. Chapter 4 explained how to RUN a program.

The programming worksheet for the Thermal Cycling test is tabulated in Table 5.1

MODEL 620 PROGRAM WORKSHEET - SINGLE/DUAL

STEP

GUAR.
SOAK
GS1

1
2
3
4
5
6

CHANNEL
1

GS2

CYCLES/
LOOPS/G
OTO

CHANNEL
2

TIME
DEV.ALM
DEV.ALM
SETPOINT
SETPOINT
HH MM
+/+/-60
10
--0
15
-60
10
--0
10
130
10
--0
15
130
10
--0
10
25
10
--0
15
EOP
---

Cycle time
65 Minutes
Total time (10 cycles)650 Minutes

Table 5.1 Thermal Cycling programming
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SS
0
0
0
0
0

PRGM

STEP

# OF
TIMES

10

5.1.2 BENDING TESTING

Flexible circuits by themselves suggest that they would bend, fold and shape. It was very
important to realize to validate these parameters and quantify them and physically test to ensure
the performance of the end product as per the specifications.
The test environment had test conditions that closely matched to the final application.
The flex cycles were decided on the basis of the final application being in a static or dynamic
mode. Failure in every case was measured by change in the resistance of the conductors enclosed
in the flexible circuit rather than simple open or close circuits. This was done to measure any
changes in the electrical performance of the flex over a period of time. The test tool setup for
Bending Test is shown in the Figure 5.3 indicating different units of the testing assembly.

Bending
(Freely rotating)

UUT
(Unit under test)

DC Motor
(Variable speed)

L Wrench
(adjusting height
and fixing sample)

Load
Linear
motion
Slots
(Adjustable height)

Circular
motion

Bending tools
(Different bending
radii)
4.5”, 3.5”, 2.5”,
1.5”, 0.5”

Speed setting knob
(Variable speed)

Figure 5.3 Bending test setup
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The following steps should be followed to complete the bending test for UUT (unit under test)
for one complete cycle.
Before starting the test procedure the following points were verified:
1. The tools with different bending radii are available on the testing table
2. The DMM (Digital Multimeter) is available and the battery is charged
3. The milliohm four probe resistance meter is available
4. The tools being heavy, make sure that they are carefully placed on the table, not on the edges
as the vibrations of the machine could cause them to fall down and cause (i) Tool to break
and/or (ii) Injury to the operator
5. Before plugging in the power cord for the test setup, confirm that the variable speed
adjustment knob is in OFF position and points 1-4 have been verified. The power connector
is plugged in and the knob turned to speed position 10. Confirm with no sample connected,
the setup works properly.
6. UUT is connected to the test setup. The load is connected to the UUT and is firmly secured
using the screw arrangement
7. The UUT connected to the rotating dc motor shaft is firmly secured using the screw
arrangement
To begin the measurements please follow these steps:
1.

Turn the settings knob of the DMM to the Ohmmeter setting

2.

Measure the resistance of the FFC by connecting DMM between TPX and TPY for
measuring signal line resistance.

3.

Document the reading for bending test under the BEFORE>Signal line resistance
column.
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4.

Measure the resistance of the FFC by connecting DMM between TPX1 and TPY1 for
measuring side shield resistance.

5.

Document the reading for bending test under the BEFORE>Side shield resistance
column.

6.

Insert the bending tool with the specified radius in the test case document for sample
# 1 and secure it firmly.

7.

Ensure that the tool can rotate freely.

8.

Connect the UUT to the load and the dc motor shaft securely using the screw
arrangement.

9.

Turn ON the variable speed knob and note down the speed setting in the table of the
test case.

10.

Count the number of test cycles and then turn OFF the variable speed knob

11.

Remove the UUT from the test setup by unscrewing the screws for dc shaft connector
and the load connector.

12.

Measure the resistance of the FFC by connecting DMM between TPX and TPY for
measuring signal line resistance.

13.

Document the reading for bending test under the AFTER>Signal line resistance
column.

14.

Measure the resistance of the FFC by connecting DMM between TPX1 and TPY1 for
measuring side shield resistance.

15.

Document the reading for bending test under the AFTER>Side shield resistance
column.
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16.

Repeat steps 1 to 15 for different speed settings and for different bending radii as
specified by the test case.

5.2 ELECTRICAL TESTING
The following tests were carried out for the Electrical Testing of Flexible Cables:
1. RF Susceptibility
2. RF Emissions
3. Crosstalk
The purpose of this testing was to determine the relative effectiveness of the shielding
including the overwrap and the side walls (surrounding single and paired shielded conductors).
Rather than identifying the absolute attenuation, tests on three configurations (no shield/no
sidewall, no shield/sidewall, shield/sidewall) were performed and the relative performance
determined. The test facility started with a quick evaluation of the impedance on shielded
conductors and shielded pairs as built and added matching termination resistors to the ends of the
test cables. Test leads with shielding were added to provide test instrumentation connections.
Polyamide suffers as a dielectric at high frequencies. The impedance varies with
frequency across range of 100 KHz-10 MHz. Refer to Figures 5.4, 5.5 & 5.6 for the Test points.
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Figure 5.4: Schematic Single Conductor Side Shield &
No Side Shield

Figure 5.5: Dual Conductor Side Shield

Figure 5.6: Schematic Dual Conductor No Side Shield
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Follow this procedure for the shielded conductor TP1:
1. Connect a function generator with a very short lead to the input of the TP1/TP2. Set to
generate a square wave.
2. Connect Channel A of a dual trace oscilloscope across the R1 pads.
3. Connect Channel B or the scope across the R11 pads.
4. Set the function generator to 100 KHz.
5. Temporarily connect candidate terminating resistors across R11 while observing Channel B
waveform for best duplication of the Channel A waveform.
6. Continue increasing resistor value until waveform starts getting worse instead of better.
7. Repeat at 300 KHz, 1 MHz, 3 MHz and 10 MHz.
8. Identify the best value of termination resistor over the entire frequency range (will be a
compromise)
9. Install it permanently in the R11 position.
10. Build a 50 Ohm resistor impedance matching network to go between the function
generator/measurement device and the terminated conductor.
Follow this procedure for the conductor pair TP4/TP5:
1. Connect a function generator with a very short lead to the input of the TP4/TP5. Set to
generate a square wave.
2. Connect Channel A of a dual trace oscilloscope across the TP4/TP5 pads.
3. Connect Channel B or the 'scope across the TP14/TP15 pads. You may need to "float" the
oscilloscope using an isolation transformer so you won't create a ground loop through the
facility wiring (or use a battery powered 'scope).
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4. Set the function generator to 100 KHz.
5. Temporarily connect candidate terminating resistors across R11 while observing Channel B
waveform for best duplication of the Channel A waveform. Continue increasing resistor
value until waveform starts getting worse instead of better.
6. Repeat at 300 KHz, 1 MHz, 3 MHz and 10 MHz.
7. Identify the best value of termination resistor over the entire frequency range (will be a
compromise) and install it permanently in the R11 position.
8. Build a 50 Ohm resistor impedance matching network to go between the function
generator/measurement device and the terminated conductor.

5.2.1 FREQUENCY RESPONSE ANALYSIS
5.2.1.1 RF SUSCEPTIBILITY

Each cable was tested in a controlled environment by measuring the output of each
conductor configuration while irradiating the assembly with frequencies in the range of 1 MHz to
20 MHz (1KHz, 10KHz, 50KHz, 100KHz, 500KHz, 1MHz, 5MHz, 10MHz, 20MHz). Data was
obtained on each of three cable types with the unshielded/no sidewall configuration acting as the
control article. Data reduction was straightforward and provided the relative attenuation
compared to the control cable.
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5.2.1.2 RF EMISSIONS

Each cable was tested in a controlled environment by measuring the RF field at a fixed
distance from each conductor configuration while applying an RF test signal to each conductor
configuration in the assembly with frequencies in the range of 1 MHz to 1 20MHz (1KHz,
10KHz, 50KHz, 100KHz, 500KHz, 1MHz, 5MHz, 10MHz, 20MHz). Data was obtained on each
of three cable types with the unshielded/no sidewall configuration acting as the control article.
Data reduction provided the relative shielding effectiveness compared to the control cable.

5.2.1.3 CROSSTALK

Crosstalk is the interference of signals on one line being imposed on an adjacent
conductor. Crosstalk can be induced both electrostatically and magnetically. Electrostatic
shielding is commonly included in twisted-shielded pairs, shielded conductors and overall cable
shielding. This minimizes the capacitive coupling. Magnetic shielding is much more difficult due
to the materials required and is usually controlled by either minimizing the magnitude of
conducted currents or by ensuring the conductors and their returns are kept close together and
follow the same path.
In this work, the side shields included in the flex provided electrostatic shielding for the
enclosed conductors. It was important to measure the relative effectiveness of the shielding. The
testing in this area compared the crosstalk magnitude from the single shielded conductor and
paired shield conductor to the non-side-shielded configuration.
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5.2.1.4 LIST OF INSTRUMENTS IDENTIFIED FOR FLEX CABLE MEASUREMENTS

•

Oscilloscope

•

Signal generator

•

Multi meter

•

Flex Cable (client supplied)

•

Antennas
o EMCO 3104 (20-200MHz) 50W Max Biconical Antenna [12]
o HP / Agilent 11956A (200MHz-1GHz) Log Periodic Antenna [13]

•

SMA Female connectors
o PE 4536 (Pasternack Enterprise Inc.)

•

Termination
o PE 6148 (Pasternack Enterprise Inc.)

•

Co-axial cable connectors (Pasternack Enterprise Inc.)
o PE 3696 – 24 [SMA Male to BNC Male 24 inch] (Pasternack Enterprise Inc.)
o PE 3495 – 24 [BNC Male to BNC Male 24 inch] (Pasternack Enterprise Inc.)
o PE 3061 – 24 [N Male to BNC Male 24 inch] (Pasternack Enterprise Inc.)

•

Soldering Iron

•

Carbon resistors (Impedance match)

•

Aluminum foil
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5.2.1.5 STEPS FOR TAKING THE MEASUREMENTS

The following steps are taken to measure the radiation susceptibility:
1. Connect the antenna to the signal generator and apply a square wave.
2. Connect the measurement cable of the oscilloscope to TP1/TP2.
3. The test cable shield is connected to the chassis box (all chassis boxes should be
electrically grounded).
4. The second susceptibility test is connected with the measurement cable connected across
TP4 and TP5.
5. Frequency ranges between 1KHz to 20MHz are applied on the signal generator side and
the measurements made for radiated susceptibility. Figure 5.7 shows the setup on the
antenna side and the signal generator.

Figure 5.7 Radiation Susceptibility
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The following steps are taken to measure the radiation emission
1. For radiated emissions, connect the signal generator stimulus cable to TP1/TP2 and apply
a square wave
2. The test cable shield should be electrically grounded.
3. The antenna is connected to the oscilloscope to measure the radiation emission of the
cable under test.
4. The second emissions test should be connected with the stimulus cable connected across
TP4 and TP5.
5. Frequency ranges between 1MHz to 20MHz are applied to the cable using the signal
generator. Figure 5.8 and Figure 5.9 shows the radiation emission setup on the transmitter
and receiver side

Figure 5.8: Radiated emission (Transmitter)
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Figure 5.9: Radiated emission (Receiver)

The following procedure is followed for the cross talk measurements:
1.

Signal generator input is connected between TP1 and TP2.

2.

A 5Vpp square wave signal is applied to the signal generator

3.

The oscilloscope is connected between TP3 and the ground

4.

The measurement is made for the input signal applied to measure the cross talk in
the adjacent connector to measure effectiveness of shielding

The following nomenclature of flex coupons is used for discussion:
1.

Unshielded - no side-shielding in flex adjacent to conductors or any form of
overwrap shield

2.

Side-shield only - side-shields in place (conductive infill in a laser-cut track) but
no overwrap shield

3.

Fully shielded - side-shields in place and overwrap shield provided

4.

Traditional co-axial wire cable for comparison.
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The radiation emission, susceptibility and cross talk measurements were carried out for
all four cable configurations. The absolute accuracy of the measurements was not critical, but it
was important to have repeatable measurements between different cable configurations for
relative attenuation, compared to the traditional co-axial cable. In order to achieve this, each test
was run on all applicable pieces before the test bed was modified. The schematics of the test bed
for radiation emission and radiation susceptibility are shown in Figure 5.10, 5.11, 5.12, 5.13.

70

Antenna: EMCO 3104 (20-200 MHz)

SMA Female
BNC female
SMA Male to BNC Male

BNC Male to BNC Male

BNC Female
BNC Female
Function
Generator

Oscilloscope

(a)

Antenna: HP / Agilent 11956A (200 MHz – 1 GHz)

SMA Female

N female

SMA Male to BNC Male

N Male to BNC Male

BNC Female
BNC Female
Function
Generator

Oscilloscope

(b)

Figure 5.10: Flex Cable as Transmitter
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Antenna: EMCO 3104 (20-200 MHz)
SMA Female
BNC female
BNC Male to BNC Male
SMA Male to BNC Male

BNC Female

BNC Female

Oscilloscope

Function
Generator

(a)

Antenna: HP / Agilent 11956A (200 MHz – 1 GHz)

N female

SMA Female

N Male to BNC Male
SMA Male to BNC Male
BNC Female
BNC Female
Oscilloscope

Function
Generator

(b)

Figure 5.11: Flex cable as Receiver
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Experimental Block diagrams:

Figure 5.12: Radiation Susceptibility

Figure 5.13: Radiation Emission
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5.2.2 DIELECTRIC WITHSTANDING VOLTAGE

The dielectric withstanding voltage test was carried out in order to test the integrity of the
dielectric material between the conductive ground plane and the signal lines of the flexible cable.
The Beckman High voltage meter was used to test the electrical integrity of the Kapton that acts
as the dielectric. The test voltage required to be applied to pass the test criteria was 5KV DC.
This voltage was applied between the Ground plane and the signal line, hence measuring the
insulation resistance of the Kapton dielectric sandwiched in between. The targeted value was in
the range of about 10.0E+11 Ohm range. The objective of the experimentation was to ensure that
the dielectric does not breakdown after a 5KV DC signal was applied to the conducting plates.
Figure 5.14 shows the 5KV DC voltage generator and insulation resistance meter.

(a)

(b)

Figure 5.14 DWV Mega Ohmmeter and Circuit
As shown in the Figure 5.14 (a), 5KV DC signal generated at input voltage controller was
applied to isolated signal trace and GND Cu plane. The signal line shorted to the GND plane
(refer to CAD design in Section 3.1) in the signal pair side shielded, was isolated using the
Dremel tool by isolating signal line from GND (Figure 5.14 (b))
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5.2.3 ELECTRICAL BOND RESISTANCE

A four probe Kelvin bridge milliohm meter (Figure 5.15) was used to measure the change
in resistance to minimize the effects of thermal drifts during measurement.

Figure 5.15 Milliohm resistance measurement

The following tests were carried out on the flex-flex bonding structures:

5.3 PEEL STRENGTH TESTING
The peel strength test setup (Figure 5.16) was used to conduct the 90 degree peel strength
test for mechanical reliability of the peel strength of the flex-flex bond.

Figure 5.16: Peel strength test setup
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As shown, the sample that needed to be tested for peel strength was mounted onto a
German Wheel setup. The instrumentation could control the rate of loading for testing the unit
under test. The eight segment LED display on the front panel provided the read out for the force
measured. So, once the sample was mounted on the German Wheel, and attached to the gallow
using the metallic thread provided on the tool, and the loading rate was set, the test button was
pressed to start the test. The readings on the display panel were recorded at specified time
intervals to graph the failure behavior of the test structure. It was important to realize the sample
under testing should be properly affixed to the German wheel and when the test was started, the
metallic thread needed to be wound into the pulley provided to ensure that there was not too
much slack and also that the sample was not under too much tensile force. The position of the
sample should be almost in the center of the sample interface to ensure that the force was applied
in the vertical direction for the 90 degree peel strength test. The German wheel rotates above its
axis, so as soon as the metallic thread started to wind up on the pulley of the gallow, a force was
applied on the flex-flex bonded interface and the readings of the peel force being applied were
measured on the front display panel. A stop clock was used to note the failure time of the
interface. The loading rate of the sample under test was determined by knowing the average
value of the peel force under which the interface failed. The peel strength of the interface not
being too high, the loading rate was low (200g /min), so that the failure mechanism was
magnified. The mounted samples on the German wheel were held by a screw assembly to ensure
that there was no movement of the samples such as sliding or moving during the testing process.

76

5.3.1 SAMPLE PREPARATION FOR FLEX-FLEX BONDING

The process flow for sample preparation is shown in Figure 5.17 below.

MEK to hold ACF in tape

Single sided flex coupon
Bond Pads

ACF Tape

(a)

(d)

(b)

Bond (Pressure,
Temperature time ctrl)

Align samples
bond side
facing

(c)

Alignment & Bonding

Bonding Tool

Figure 5.17: Flex-flex bonding (Sample preparation)

Figure 5.17 (a-d) shows the process flow for sample preparation for bonding flex material
samples to each other for Z-directional only conductivity using anisotropic conductive film
3MTM 5460R. As shown in Figure 5.17 (a), the single sided flex conductors had bond pads
exposed on one-side of the circuit. For the current samples, these bond pads were equally spaced
for simplicity. The objective was to fabricate samples by electrically and structurally connecting
these two structures. Due to storage specification restrictions, the ACF tape was stored in a cool
place for longevity of use. Before the film was used for the bonding application, it was taken out
of the refrigeration box and stored at room temperature for approximately 30 minutes. The ACF
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tape was very delicate & fragile; hence a pair of tweezers was used to handle it. A protective
layer of liner protected the adhesive on either side of the tape. A pair of tweezers was used to
carefully remove this liner and the tape was placed on the electrical bonding pads of the first
sample that needed to be bonded. This is shown in Figure 5.17 (b). A few droplets of MEK
(Methyl Ethyl Ketone) were used to help the bonding by using a cotton Q-tip, applied to the
edges of the tape to assist bonding of the tape to the flex laminate. In step three, Figure 5.17 (c),
the alignment pins were inserted in the alignment marks provided in the structure’s design to
ensure that the bonding structure was aligned to mate electrically and mechanically to the surface
of bonding pads of the bottom structure and then, in the final step, the alignment pins were
removed and the bonding tool used thermo compression force to bond the two structures
together. The tool had controls to change the bonding pressure, bonding temperature of the plates
and the bonding time for which the above two parameters were applied. The electrical continuity
of these bonding structures could be verified using the electrical continuity beeping sound of a
digital ohmmeter.
The different samples for studying effect of bonding pressure on the bonding resistance
of the electrical interface were prepared by holding the bonding time and temperature constant
and then changing the bonding pressure for the tool using the hydraulic pressure control for the
loading arm. Similarly, to prepare samples to study effect of bonding temperature on the
mechanical peel strength, the bonding time and pressure were held constant and the bonding
temperature was changed using the temperature control knob for the plates that applied a uniform
pressure on the entire bonding surface.
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5.3.2 SAMPLE PREPARATION FOR PEEL STRENGTH TEST

Peel testing of the flex-flex bonding using ACF tapes was used to determine the
mechanical peel strength of the attachment using 90 degree peel strength test shown in Section
5.3. The sample was mounted as shown in Figure 5.18

Figure 5.18: Sample preparation for peel strength
testing
As shown in Figure 5.18 (a), in order to perform the test, the bonded structures were
mounted onto a German wheel assembly, which was freely rotating above its central axis. In
order to provide the extension of the structure so that it could properly fit into the testing tool, a
piece of single sided flex of similar material was super glued to the extension of the cable to
form an inverted T-structure. (Note: The bonding strength of the super glue was higher than the
bonding area under investigation and the extension was formed with the similar material to
ensure that the properties match to the unit under investigation). The two free ends of the
structures were taped down to the German wheel and the German wheel was mounted onto the
module in the Peel Strength testing tool.
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CHAPTER 6: RESULTS AND DISCUSSION
The results for the tests performed for mechanical reliability testing; the frequency
response and electrical performance analysis for the flexible cables and the flex-flex bonding
using the ACF tapes have been presented in the following section. It is important to realize that
when studying the flex cables as the replacement for the standard conventional cables in
avionics, the mechanical or the electrical performance should not be compromised. Hence, the
feasible option in terms of electrical design and performance will be presented. Also, for the
flex-flex bonding, the different parameters affecting the electrical and mechanical properties of
the interface have been discussed. Further characterization of the ACF tapes was performed
using ESEM (environmental scanning electron microscopy) and EDS (Energy Dispersive
Spectrum). Finally, the summary of results has been presented for areas that might need
improvement or further investigation in order to gather more information about the visible
phenomena.

6.1 FLEX-FLEX BONDING
Kapton® of about 2 mil thickness from Dupont was used to fabricate single sided flexible
conductor test samples as discussed in the previous section. The samples prepared for the test
used the Anisotropic Conductive Film 3MTM 5460R as the Z-axis bonding film with 7 µm
diameter Au coated Ni particles suspended in a non-conductive Cyanate Ester and Epoxy /
Thermoplastic Blend [2]. The micrograph for the ACF film is shown in Figure 6.1.
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Figure 6.1: Micrograph (ACF Tape)
The flex-flex bonded samples were tested for mechanical reliability using the following tests:
•

Thermal Cycling

•

Effect of bonding pressure on electrical resistance

•

Effect of bonding temperature on mechanical peel strength

•

EDS and SEM characterization of the ACF tape

6.1.1 THERMAL CYCLING

These structures were tested for reliability using thermal cycling standard MIL STD
883B (-55 +/- 5 oC to 125+/- 5 oC). The test samples prepared for the test were introduced in the
thermal cycling test chamber and the profile for the test was programmed in the controller
program depending on the test criteria (for the current case, MIL STD 883B). The thermal
cycling profile is shown graphically in Figure 6.2.
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Figure 6.2: Thermal Cycling test profile
The observation table for the measured readings is shown in Table 6.1:
Resistance (mOhm)
Sample
#
1
2
3
4
5

A

B

C

D

E

F

G

140

140

130

140

150

140

135

Open

160

160

150

160

155

Open

135

135

145

140

150

140

140

Open

150

160

155

160

Open

160

150

145

140

140

140

130

135

Open

Open

160

150

150

Open

150

150

135

140

135

140

145

140

Open

145

Open

150

150

160

Open

145

140

150

150

145

130

140

Open

150

165

160

160

Open

Open

Table 6.1: Thermal Cycling results of flex-flex bonding

The electrical resistance of each trace of the test structure bonded to each other was labeled A-G
(i.e. trace 1 through trace 7) and the trace resistance was measured using the four probe
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resistance meter. For each sample, the readings in the top row were the measured values of trace
resistance for the as bonded samples at 630kPa bonding pressure, 300oF bonding temperature for
a time of 15 seconds. This was repeated for all the five samples. The cycle time for one cycle
was 65 minutes. Hence, in order to perform 10 sequences of thermal cycling, the total time for
testing was 650 minutes i.e. close to 11 hours. Once the 10 sequences of thermal cycling were
completed, the same procedure was repeated and the electrical resistance of the traces was
measured in the same order A through G (i.e. trace 1 through trace 7) and the measurements
were recorded in the observation table. It is important to note that all the five samples being used
to study the effect of thermal cycling were introduced in the thermal cycling chamber and also
removed simultaneously.

6.1.1.1 OBSERVATION

Some of the important observations made after performing the thermal cycling tests on
the flex-flex bonded samples were:
•

The electrical resistance of the individual traces was increased by a few milliohms (note that
the electrical resistance measured was in the order of a few milliohms).

•

No visual changes were observed on the samples after the thermal cycling test was
completed, such as warping, bending, etc.

•

Also, it was important to note that the traces towards the edge of the samples that were
electrically “shorted” before thermal cycling show that the electrical continuity was lost after
the thermal cycling tests are performed. This phenomenon might be attributed to a couple of
reasons which have been discussed in the following paragraph.
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6.1.1.2 ANALYSIS

•

One of the important things to consider is that when preparing the samples, as suggested in
the procedure for preparing samples for flex-flex bonding test, note that the pair of tweezers
and a Q-tip were used to dab a little MEK on the edges of the ACF tape, thus removing some
of the adhesive off the surface of the tape.

•

Secondly, the data sheet for the ACF tape was studied [6], which closely examined the
phenomena of thermo compression bonding using the ACF tape. This has been presented
schematically in the Figure 6.3
Traces

Flex Substrate

3M 5460R ACF Tape
(pre tacked to Flex Substrate)

Ni-Au coated
conducting
particles

Flex Substrate

300 oF, 630 kPa

Heat and Pressure Bonding

Non-conductive
epoxy
Flex Substrate

Adhesive under tension due
to curing and shrinkage

Flex Substrate
Particle under compression
(Bonding pressure)

Void

Figure 6.3: Thermocompression bonding of the ACF
tape and flex-flex connection
As shown, the two single-sided flex samples were bonded contact pad to contact pad with
the ACF tape sandwiched in between the two surfaces, and the application of thermo
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compression force was what helped to keep the two samples together, and in the process
providing an electrical connection in the Z-axis and electrical isolation in the XY plane. As
shown in the Figure 6.3, the non-conductive epoxy in which the Au coated Ni-particles which
are about 7 um in size are suspended was under tension at the edges due to curing and shrinkage.
Also, certain voids were created within the tape due to the movement of these particles, which
might lead to electrical isolation. The increase in electrical resistance can be a result of the
movement of these conductive particles, causing a slight increase in the measured electrical
resistance after the thermal cycling tests. The characterization of the ACF tape was studied in
further detail in the EDS and SEM characterization of the tapes.

6.1.2 EFFECT OF BONDING PRESSURE ON ELECTRICAL RESISTANCE

The effect of bonding pressure on the electrical resistance of the flex-flex bonding was
studied by preparing samples at different bonding pressures, while maintaining the bonding
temperature as well as the bonding time for each different value of bonding pressure. The
observation table for the bonding pressure configurations, and the electrical average resistance
measured for the central conductor for 5 samples at each bonding pressure are shown in the
observation Table 6.2 where bonding temperature is 300oF and bonding time is 15 seconds.

Pressure
(kPa)

Sample 1
(mOhm)

Sample 2
(mOhm)

Sample 3
(mOhm)

Sample 4
(mOhm)

Sample 5
(mOhm)

Mean
(mOhm)

570

235

245

240

242

240

240

4

600

165

160

158

157

162

160

3

630

137

135

145

143

141

140

4

700

198

202

200

199

200

200

1

Table 6.2: Resistance measurement
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Stdev
(mOhm)

The graphical representation of the data for bonding pressure versus the change in resistance in
milliohms is plotted to study the effect of bonding pressure on the measured electrical resistance
as shown in Figure 6.4

Effect of bonding pressure on bond resistance
260

Resistance

Resistance (mOhm)

240
220
200
180
160
140
120
100
570

600

630

700

Pressure (kPa)

Figure 6.4: Trace resistance vs. bonding pressure
The resistance of the individual trace was about 60 mOhm, hence, ideally the resistance
for two such samples connected should be about 120 mOhm (i.e. 60 x 2 traces = 120 mOhms).
This was assuming that the ACF interface provides minimal resistance (i.e. ideally zero
resistance). The objective of the experiment was to find a point where the electrical resistance
measured with the two traces connected face to face is either the desired value or the value
closest to that. Looking at the graph, it can be observed that for the four data points, the desired
value of bonding pressure at a given bonding temperature of 300oF and bonding time of 15 sec is
close to 630 kPa. It should be noted that this is not the most accurate point of pressure, but the
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regime of the bonding pressure for minimal contact resistance. More samples need to be tested in
this regime to fine tune the point of minimal resistance.

6.1.2.1 OBSERVATION

The graph of contact resistance on the Y-axis versus bonding pressure on the X-axis
shows that the curve has two regions of interest. Region A of the graph indicates that the bond
resistance decreased from 240 mOhm to 140mOhm with increasing pressure in the range 570kPa
– 630kPa. In region B, with increasing pressure beyond 630kPa, the bonding resistance increases
with increasing pressure.

6.1.2.2 ANALYSIS

This phenomenon was attributed to the compression of the conductive particles under the
effect of bonding pressure and explained by studying the material properties of the ACF tape. As
indicated, the ACF tape consists of conductive metallic particles of about 7 microns in diameter
[6]. These conductive particles are suspended in a non-conductive thermoplastic epoxy that was
cured at specified temperatures in the range of 300OF - 330OF. Figure 6.3 (a) showed the tacking
of ACF tape to the flex substrate. The bond pads were aligned against each other using the
alignment holes provided in the sample. Temperature (300OF) and pressure (630kPa) were
applied to the aligned bond pads uniformly for 15 seconds. Figure 6.3 (b) clearly indicated that
under the effect of pressure and temperature, wherein the conductive particles compressed and
deformed to form oval shaped structures.
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Thus, Based on Ohm’s law of electrical resistance,
R = (ρ*L)/A

… Equation 6.1

where,
R = Electrical resistance
ρ = Electrical conductivity
L = Length of the conductor
A = Cross-sectional area of conductor
The electrical resistance decreased with an increased surface area of contact. With increasing
bonding pressure from 570 kPa – 630 kPa, the Au coated Ni particles were compressed under
thermo compression, resulting in an increased contact area. However, this trend did not continue
in Region B of the graph where with increasing pressure, the electrical resistance started to
increase. This was explained by further investigating the ACF tape using SEM and EDS.
Beyond a certain pressure (~630kPa), the Au coating on the Ni particles yields and Ni comes in
contact with the neighboring Ni particle, hence resulting in an increase in the resistance as Ni has
higher resistance compared to Au [3].
6.1.3 EFFECT OF BONDING TEMPERATURE ON MECHANICAL PEEL STRENGTH

To study the effect of curing temperature on the mechanical peel strength, the bonding
pressure and time were held constant and the bonding temperature was changed. The two
different temperatures used were 270oF (under cured) 300oF (sufficiently cured) are shown in
table 6.3. Also, the results are graphically shown in Figure 6.5.
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Peel Strength Breakage force v/s Time at failure

Adequate
cured

Force at break (g/cm)

250

Under cure

200
150
100
50

Force at breakage

0
0

10

20

30

40

50

60

Time at failure (sec)

(a)

(b)
Figure 6.5: Peel force as a function of time to failure

Sample

Curing Temp (oF) Pressure(kPa), Time (sec)

1

270F

630kPa, 15 sec

2

300F

630kPa, 15 sec

Table 6.3: Curing temperature variables
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6.1.3.1 CONCLUSIONS

The analysis of the plotted test results suggested that the readings for the peel force
testing for the two different samples fall in different regimes and show a distinct effect of the
curing temperature on the peel strength of the results bond, this is suggested by Figure 6.5 (a). It
is important to realize that there is about a 20% difference in the peel strength for the measured
values for about a 30oF change in bonding temperature of the cables. Also, the time to failure for
a given peel force for group 2 samples (i.e. 300oF cured) is higher than that compared to the
group 1 samples (i.e. 270oF cured). (Figure 6.5 (b)). Also, it is important to notice that the graph
is almost linear for the initial region (A) and exhibits a sharp increase in the region (B). This is
explained by Figure 6.6

Figure 6.6: 90 Degree Peel Strength Test
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Peel Strength of an adhesive is given by the equation [11]:
Peel Strength = Area of Stress * Adhesive Strength

… Equation 6.2

Figure 6.6 (a) shows that at the beginning of the 90 degree peel strength test, the effective
area under load is the entire contact surface of the ACF tape. Subsequently, as the tape starts to
peel, the effective area of stress decreases (Figure 6.6 (b)). Hence, assuming that the adhesive
strength is constant, the effective peel strength decreases. This explains the sharp increase in
effective loading in region (B) of Figure 6.5 (b) shown for peel test failure. Another observation
that is made during sample preparation which is not shown in the data is that beyond a
temperature of 350oF, the samples were electrically damaged for the same given value of
pressure and time and hence comparable results could not be shown in the evaluation criteria.

6.1.3.2 FAILURE ANALYSIS

The failure analysis for the samples used for peel strength measurement was carried out
using SEM analysis. The observation that was made for the samples was that they followed the
same pattern when the ACF bond was broken. This is shown in the digital images shown in
Figure 6.7 (a) and 6.8 (a), and also the SEM images in Figure 6.7 (b) and Figure 6.8 (b). The
bond pads are clear on one side showing the exposed Cu, and the ACF tape covering bond pad
on the other side. This failure indicates an adhesive failure of ACF tape to Cu. In order to
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confirm this, the ESEM analysis is carried out with the observations shown in the SEM images
in Figure 6.7 (b) and Figure 6.8 (b).

(a)

(b)

Figure 6.7: Failure analysis of flex-flex bonding for
peel test (Bottom Pad)

(a)

(b)

Figure 6.8: Failure analysis of flex-flex bonding for
peel test (Top Pad)
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This could be attributed to the application method of the ACF tape. As mentioned during
sample preparation, a pair of tweezers was used to tack the tape to the bond pads, and this might
have caused some of the adhesive from one side of the bond pads to be removed, causing a
comparatively weaker bond to one side of the bond pads. This consideration should be made
when using the ACF tapes in future work for any kind of bonding between surfaces. This
behavior needs to be further explored using a tape wide enough to cover the surface of the bond
pads that needs minimal touch intervention to achieve an electrically conductive channel.

6.1.4 SEM AND EDS CHARACTERIZATION

When imaging the features of the ACF, it was very important to realize that the 7 micron
diameter conductive particles were suspended in a non-conductive epoxy. Hence, when imaging
the particles, the high VAC mode of analysis could not be used due to charging, preventing SEM
imaging. If the electron beam was focused onto the Au coated Ni particles, the particles started to
melt due to energy accumulation as discharging did not occur due to the non-conductive epoxy.
Hence, Environmental SEM was used for imaging. Figure 6.9 shows the SEM and EDS imaging.

(a)

(b)

Figure 6.9: SEM and EDS analysis of ACF tape (Au-Ni
particles)
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As shown in Figure 6.9 (a), the Au coated Ni particles were suspended in the nonconductive epoxy, the size of these particles was about 7 um in diameter. The signature of these
particles was confirmed using the EDS analysis (Figure 6.9 (b)) to show the presence of Au and
Ni. The cluster of these particles was suspended in the non-conductive epoxy.
Another ESEM image in Figure 6.10 (a) shows the two conductive particles electrically
connected to each other. The signature of Au coated Ni particles was verified using the EDS
analysis. It was important to note the change in shape of the particles due to thermo compression.
This helped to further understand the effect of bonding pressure on electrical resistance as
explained in the previous discussion. Figure 6.11 shows a ESEM image of a sheared conductive
particle in the ACF tape and its corresponding EDS signature.

(a)

(b)

Figure 6.10: SEM and EDS analysis of ACF tape
(Bonding of conductive particles)
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(a)
(b)

Figure 6.11: SEM and EDS analysis of ACF tape
(Sheared conductive particle)

Figure 6.11 (a) shows another ESEM image of a sheared conductive particle. The particle
was sheared as the high speed silicon dicing saw was used to take a cross section of the flex
samples. Using Buehler polishing masks the details that were required to be seen as the
conductive particles were coated with the mold polyamide when polishing the samples to be
viewed under the optical microscope for cross-sectional image. The important observation that
was made was during the EDS analysis of this particular sheared conductive particle, the
signature of Ni was very significant and Au did not show a peak, as suggested by Figure 6.11
(b). Hence, this confirmed the fact that the core of the particle was Ni, which was the underlying
criterion for the explanation of change in electrical resistance in Region B of the bonding
pressure versus electrical resistance graph in the discussion of effect of bonding pressure on
resistance. Hence, in order to clearly image the conductive particles in the 3MTM 5460R ACF
tape, ESEM was required to be used, as SEM did not allow imaging of these particles because
they were suspended in a non-conductive epoxy. Also, the high speed silicon dicing saw was
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very useful in order to take smooth cross-sections of the flex substrates when compared to
polished samples, when looking at the details of the ACF tape interface.

6.2 FLAT FLEXIBLE CABLE TESTING
The electrical and mechanical test results for the Flat Flexible Cable have been
summarized in this section.

6.2.1 ELECTRICAL TESTING RESULTS

The radiation susceptibility and emissions data are shown below in Tables 6.6 and 6.7
respectively. The attenuation columns show the relative attenuation compared to the traditional
round wire cables. Negative values are an indicator of enhanced performance since the induced
or emitted signals are lower than in the round-wire cable.

Small positive values indicate

performance close to that of the round-wire cable.

6.2.1.1 RADIATION SUSCEPTIBILITY

The tabulation of data collected for radiation susceptibility testing is presented in Table
6.4 for different cable configurations
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TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2

REF CABLE SS-N,OS-N
SS-Y,OS-N
SS-Y,OS-Y
RAW DATA RAW DATA ATTEN. RAW DATA ATTEN. RAW DATA ATTEN.
mVpp
mVpp
dB
mVpp
dB
mVpp
dB
1K
4
25
15.9
8
6.0
4
0.0
10K
4
34
18.6
12
9.5
6
3.5
50K
6
34
15.1
15
8.0
10
4.4
100K
10
38
11.6
15
3.5
10
0.0
500K
10
38
11.6
22
6.8
15
3.5
1M
15
38
8.1
30
6.0
20
2.5
5M
20
40
6.0
40
6.0
30
3.5
10M
30
42
2.9
45
3.5
35
1.3
20M
35
60
4.7
40
1.2
30
-1.3

TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5

1K
10K
100K
500K
1M
5M
10M
20M

FREQ

14
14
18
20
20
22
35
30

20
22
28
30
44
50
58
60

3.1
3.9
3.8
3.5
6.8
7.1
4.4
6.0

10
20
30
30
40
50
55
55

-2.9
3.1
4.4
3.5
6.0
7.1
3.9
5.3

30
30
32
34
34
40
30
30

6.6
6.6
5.0
4.6
4.6
5.2
-1.3
0.0

KEY:
* Not calculated.
SS - Side shield (parallel to conductors, laser cut and metallic ink filled)
OS - Overall shield (overwrap using single-sided copper-on-polyimide)
Y - yes (present/used), N - no (not used)
Ref cable - representative round wire cable used for base reference comparison to flex circuits

Table 6.4: Radiation susceptibility test data for all four cable
configurations

The graphical representation of the data presented in the table is compared in Figure 6.12
& Figure 6.13 for radiation susceptibility of a single conductor and a conductor pair respectively
with all three cable configurations. It helps to compare the performance of the flex cables with a
conventional co-axial cable for electrical performance.
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Radiation Susceptibility Single Cond.
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Figure 6.12: Radiation susceptibility test data for single
conductor configuration
Radiation Susceptibility Cond. Pair
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Figure 6.13: Radiation susceptibility test data for
conductor pair configuration
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6.2.1.2 RADIATION EMISSION

The tabulation of data collected for radiation susceptibility testing is presented in Table
6.5 for different cable configurations.

TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP1/TP2
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5
TP4/TP5

REF CABLE SS-N,OS-N
SS-Y,OS-N
SS-Y,OS-Y
FREQ RAW DATA RAW DATA ATTEN. RAW DATA ATTEN. RAW DATA ATTEN.
mVpp
mVpp
dB
mVpp
dB
mVpp
dB
1K
5
16
10.1
15
9.5
0
*
10K
12
18
3.5
22
5.3
5
-7.6
50K
14
22
3.9
30
6.6
8
-4.9
100K
16
22
2.8
35
6.8
8
-6.0
500K
16
25
3.9
35
6.8
16
0.0
1M
18
25
2.9
35
5.8
20
0.9
5M
25
30
1.6
40
4.1
20
-1.9
10M
30
25
-1.6
45
3.5
24
-1.9
20M
40
30
-2.5
45
1.0
28
-3.1
1K
10K
50K
100K
500K
1M
5M
10M
20M

0
8
10
10
12
18
22
24
30

16
18
22
22
25
25
30
25
30

*
7.0
6.8
6.8
6.4
2.9
2.7
0.4
0.0

16
16
no data
20
20
22
25
25
35

*
6.0
6.0
4.4
1.7
1.1
0.4
1.3

0
5
8
8
16
20
20
24
28

*
-4.1
-1.9
-1.9
2.5
0.9
-0.8
0.0
-0.6

KEY:
* Not calculated.
SS - Side shield (parallel to conductors, laser cut and metallic ink filled)
OS - Overall shield (overwrap using single-sided copper-on-polyimide)
Y - yes (present/used), N - no (not used)
Ref cable - representative round wire cable used for base reference comparison to flex circuits

Table 6.5: Emissions test data for all four cable configurations

The graphical representation of the data presented in the table is compared in Figure 6.14 and
Figure 6.15 for radiation emission of a single conductor and a conductor pair respectively with
all three cable configurations.
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Radiation Emission Single Cond.
15

db (Attenuation)

10

5

0

1

10

100

1000

10000 100000 100000 1E+07 1E+08
0

-5

-10
log Frequency (Hz)

SS-Y,OS-Y

SS-N,OS-N

SS-Y,OS-N

Figure 6.14: Radiated emission Single Conductor

Radiation Emission Cond. Pair
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Figure 6.15: Radiated emission Conductor Pair
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6.2.1.3 CROSSTALK

The crosstalk testing was performed with a 5 Vpp signal driven on one conductor while a
second parallel conductor was measured for the induced signal. The following results were
obtained:
Reference round-wire cable 10 mVpp
No side shield or overall shield 20 mVpp +6dB
Side shield, no overall shield 15 mVpp +3.5dB
Side shield and overall shield 10 mVpp 0dB (comparable performance)

6.2.1.4 DIELECTRIC WITHSTANDING VOLTAGE

The observation table for the dielectric insulation resistance measured for a voltage of
5KV DC applied to the test unit is shown below.
Reading
#
1
2
3
4
5
AVG

Resistance
(Ohms)
1.0E+11
8.0E+10
9.0E+10
1.0E+11
9.0E+10
9.2E+10

Table 6.6: Dielectric Withstanding Voltage test results

Five different readings were repeated for this experimentation and that insulation resistance was
measured in the range of ~10E+11 Ohms suggesting that the dielectric did not breakdown after
the application of 5KV DC.
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6.2.1.5 CONCLUSION

The dielectric did not breakdown under the application of 5KV DC voltage between the
two conducting plates. It was important to make a note that at 10KV DC, the contact point
started to spark and char the surface of the cables. This was not one of the test criteria but an
observation made during the experimentation. Also, proper grounding of the instrumentation
should be observed during this experimentation and rubber / latex gloves should be worn for
safety concerns as this test utilizes a very high value of DC voltage which might cause safety
concerns if proper measures are not observed.

6.2.1.6 EFFECT OF SIGNAL LINE GEOMETRY ON ELECTRICAL RESISTANCE

The effect of the conductive signal trace geometry on the electrical resistance is indicated
by the Figure 6.15

Figure 6.15: Change in resistance with trace length for
different trace width
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This graph follows Ohm’s law of electrical resistance which is given by the relationship in
Equation 6.1
•

As shown, with increasing the length of the flexible cables, the electrical resistance increases
by the relationship suggested by Ohm’s law.

•

Another important observation is that for a given length of the conductor, the electrical
resistance of the conductor decreases with increasing the cross-sectional area.

•

One of the challenges of using shorter cables is having more interfaces to form an electrical
path. This interface resistance is mainly responsible for lossy regions on an electrical path,
and hence the length of the cable needs to be determined by the intended application.

6.2.1.7 DATA REVIEW (RF FREQUENCY ANALYSIS)

Case 1: Figure 6.11 shows Susceptibility using TP1/TP2 (single conductor). The data shows
expected trend that increasing levels of shielding produced better results. The performance of
the fully shielded flex conductor (side shields (SS) and overall shield (OS)) was comparable to
that of the traditional cable. The side shielding appears to be more effective at lower frequencies
(< 1 MHz) based on a comparison of the unshielded flex vs. the side-shield only flex.
Case 2: Figure 6.12 shows Susceptibility using TP4/TP5 (conductor pair). The data for this
configuration are inconsistent. It seems very contradictory to see that the SS/OS configuration
only worked better than the other two configurations above 1 MHz. This may be consistent with
Case1 for the overall shield versus the performance of the side shield. The other factor that was
implicated here was that the two traces were connected as a terminated loop for this
configuration thus effectively turning them into a loop antenna. One of the driving factors for
showing this configuration was attempting to create in flex circuitry a shielded pair configuration
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that was as robust as a traditional twisted pair. These results may indicate that a pair needs to be
configured like a sandwich (conductors above and below) rather than side by side.
Case 3: Figure 6.13 shows Emissions using TP1/TP2 (single conductor). In this configuration, it
is interesting that the SS only flex performed worse than the unshielded flex. This suggested that
the side shield provided additional radiation area. In the SS/OS configuration, the performance
was superior to the reference wire cable.
Case 4: Figure 6.14 shows Emissions using TP4/TP5 (conductor pair). It should be kept in mind
that this configuration was connected as a loop through the termination so this was more of a
loop antenna than a single element. The SS configuration performed a little better than the
unshielded flex but the SS/OS configuration performs comparably to the reference wire cable.
Adding the side shield-only dropped the unshielded case by 2.5dB showing that the
addition of this type of shielding does have some advantage. The crosstalk levels in all of this
testing on an absolute basis were low due to the large separation between the driven conductor
versus the sensing conductor. The addition of the overall shield to the side shield dropped the
crosstalk level to that of the traditional round wire cabling. This is probably due to additional
capacitive loading on the signal being coupled.

6.2.2 MECHANICAL TESTING RESULTS

The results for the thermal cycling and bending cycling tests for the FFC cables have
been presented in the following section and Table 6.7
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6.2.2.1 THERMAL CYCLING RESULTS FOR MECHANICAL RELIABILITY OF FFC

The electrical paths on the FFC circuit have been labeled as A-F (6 paths) for
measurement purposes. The readings (resistance in Ohm) for all the six paths before starting the
thermal cycling tests were measured and tabulated as BEFORE measurements.

#
Reading Cable with channel
A

B C

D

Cable without channel

E F A

B C

D

Cable with silver epoxy cyc

E F A

B C

D

E F

1

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 10

2

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 20

3

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30

4

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 40

5

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 50

BEFORE 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m1.2 30m 30m 1.2 1.2 0

Table 6.7: Thermal Cycling results for FFC structure

The number of thermal cycles for the MIL 883B profile for each stage was documented
under the # cycles column. As it was observed, no electrical failure or change in resistance was
measured for the thermal cycling testing for 50 cycles of operation. This suggested no electrical
degradation in terms of electrical resistance for thermal cycling operation for the FFC structures.

6.2.2.2 BENDING CYCLING RESULTS FOR MECHANICAL RELIABILITY OF FFC

The traces have been labeled as A-F for measurement purposes. The test criteria of about
100 bending cycles was chosen, as even though these structures are a part of the flexible
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electronic circuits the application does not usually, involve flexing. Only the installation and
touch labor criteria, and hence they are tested for only about 100 bending cycles unlike the flex
circuits used in hard drives, CD-ROM drives and printers which are tested for about 10E+06
bending cycles. The results for bending cycling test for the FFC structures have been tabulated in
the following section (resistance in Ohm) and Table 6.8:

Reading

Cable with channel
A

B

C

D

E F

Cable without

Cable with silver

No. of

channel

epoxy

cycles

A

B

C

D

E F

A

B

C

D

E F

1

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

10

2

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

20

3

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

30

4

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

40

5

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

50

6

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

60

7

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

70

8

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

80

9

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

90

10

30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

100

BEFORE 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2 30m 1.2 30m 30m 1.2 1.2

0

Table 6.8: Bending Cycling results for FFC structure
The tabulated results suggest that after 100 cycles of mechanical bending, the structures
showed no change in the electrical resistance performance, thus providing good mechanical
reliability for handling and flexing purposes.
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6.3 CONCLUSIONS
The primary drivers for this effort were the construction of a flex harness that could
replace a traditional wire harness, meeting the shielding effectiveness provided in a conventional
cable and providing an acceptable substitute for twisted pairs.
The flex harness created for the testing program was designed to meet the electrical
configuration originally provided by Boeing. Previously mentioned difficulties with procuring
connectors led to a design that used shielded test termination areas. Shielding was provided by
top and bottom planes, laser cut and filled grooves in parallel to the conductors, and an over
shield.

The twisted pair was replaced with two fully enclosed parallel conductors.

The

following are conclusions drawn from the test data:
•

The pair configuration should probably be an over/under layer stack instead of using parallel
conductors. The test data suggest that the parallel conductor configuration leads to loop
antenna effects.

•

The laser cut side shielding did not appear to lead to significant advantages in electrical
performance. Intervening grounded traces or a “picket fence” ground between conductors
may offer just as much shielding effectiveness. This shield does help with crosstalk but the
same benefits may be available with the intervening ground-type of shielding.

•

The overall shield offered performance that generally was as good as standard braid-shielded
cabling. A removable shield overcoat (versus hard bonding) may help in both flexibility and
cable servicing/access. This might be accomplished with a metal Velcro seam or some other
type of “zip” connection.

•

Mechanical testing results for the FFC suggest that the structures do not demonstrate any
degradation, thus causing no mechanical reliability issues for the given test.
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•

The length of this flex demonstrates production of cable-type articles that exceed normal
panel sizes. This provided a good demonstration of working with oversize multi-layer
elements and associated fabrication issues such as etching, laminating, drilling, and
trimming.

•

Given that flex circuitry can meet the shielding effectiveness, the advantages of this
technology should be very clear in terms of lowering design, fabrication, and testing costs,
significant mass and volume savings, and providing sophisticated design options. These
options may include embedded passive or active parts, distributed sensors, distributed
heaters, and high conductor counts.
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CHAPTER 7: CONCLUSIONS & RECOMMENDATIONS FOR FUTURE WORK

7.1 CONCLUSIONS RF ANALYSIS
RF analysis of the flexible cables suggested that the addition of side shielding as well as
the outer shielding definitely improved the EMI / EMC performance of the cables and mimicked
the performance of conventional round cables. However, the other observation suggested that
the side-side arrangement of the conductive signal pair possibly resulted in the formation of loop
antenna geometry, resulting in higher radiation emission results. One of the possible solutions to
mitigate this effect is to design the cables in a bi-layered geometry formation where the signal
lines are stacked instead and not arranged side-side.

7.2 CONCLUSIONS FLEX CABLE ELECTRICAL AND MECHANICAL TESTING
The dielectric withstanding voltage test for the flexible cables suggests that cables did not
disintegrate electrically for a 500 V DC voltage, which is a typical test parameter used for
aerospace industry electronics testing. Mechanical reliability tests suggested high reliability for
the flexible cable structures and no performance deterioration (electrically) for both thermal
cycling using MIL STD 883B as well as the bending cycling tests for the flexible cable geometry
discussed under this study.
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7.3 CONCLUSIONS: MANUFACTURING TECHNIQUES
The processes for flexible circuit fabrication were studied and factors affecting the
quality of performance, as well as changing geometries, and how their effect on the electrical
performance of the test structures were studied.

7.4 CONCLUSION: FLEX – FLEX BONDING
The study indicated bonding resistance changes by about 15% for a 130 kPa change in
bonding pressure. Also thermal cycling results indicated that the ACF tape had some issues with
high stress applications and hence currently their use can be limited to low stress consumer
applications. Peel strength test suggests that there was a 20% change in peel strength for a 30oF
change in curing temperature and hence selection of curing temperature is critical to bonding.
The SEM investigation of peel test failure mechanism suggests a pattern in the failure of the
bonding structure.

7.5 ADVANTAGES AND APPLICATION IN FUTURE WORK
Flex circuitry offers immense potential in terms of mass reduction and increasing the
packaging density. Also, it offers advantages in terms of bulk production of the cables and high
adaptability to the concurrent engineering designs. The designs also provide flexibility in
integration of chip on flex such as sensors, microprocessors, etc. for system on chip
configurations. One of the other advantages in terms of mass production is the flexibility to
develop test systems for these designs where every module can be tested using automatic test
methods before assembling the module at system level. This provides the designer with the
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opportunity to modify the design and test the performance for a production worthy process. Also
there are possibilities of fabricating embedded active devices such as resistors and the capacitors
as flex circuit designing empowers the designer to treat the cable as a circuit. Optimization of
signal lines in terms of voltage and current carrying capabilities, not only in terms of design but
also empowering the manufacturer to implement the change in the product helps minimize
overhead in terms of insulation or conductor material. Some of the possibilities include the use of
LED powered with these cables for duct inspection illumination. Resistors weighting on traces
can be used for fault location in the X_Y plane by measuring variation in signal values at test
points. [6]
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APPENDIX A: DESCRIPTION OF RESEARCH FOR POPULAR PUBLICATION

Lighter is Better, flex those circuits
Packaging for Avionics and Aircraft Industry
By Abhishek Singh
Aircraft industry is highly dependent on natural resources as a major source of fuel. We are
constantly striving to develop fuel efficient systems & there is a never ending search for
alternative resources of fuel to replace the non-renewable fuel reserves. Fuel efficiency is
becoming a major factor for any form of transportation, including automobiles, machines as well
as spacecrafts and aircrafts. One of the ways to improve fuel efficiency is to build light weight
electronic systems on spacecrafts that increase overall payload.
AVIONICS AND PACKAGING It is important to realize that as everything continues to
shrink, the electronic packaging industry continues to demand smaller interconnect systems.
Multifunctional structures (MFS) are structures where the actual electronics of the system is a
fraction of its overall weight and volume. One such system used on a typical satellite bus has
been demonstrated in the image. It is quite evident that the
electrical harnessing used to connect these components on the
system occupies a large amount of volume and these inefficiencies
results in larger, bulkier systems.
Flexible electronic circuits provide the advantage of light weight
and high packaging density, at the same time providing similar or
increased functionality. They also employ design and fabrication
of customized hardware than can be produced in bulk.
Standard flight cabling on
a satellite bus

FLAT
FLEXIBLE
CABLING
v/s
CONVENTIONAL CABLING
Typically, flexible circuit fabrication approach
provides 50% or higher packaging density and
volume reduction. At the same time, it
provides the additional advantage of
modularity and ease of installation. It provides
better system design capabilities and novel
techniques that use flex circuits for external
Discreet wire cable
Equivalent flex
connections/harnessing, putting them directly
assembly
on structure, and having a large flex
interconnect system for wiring replacement that is functionally part of the structure. Distributed
components can be integrated with the flex cable along the length of the circuit.
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DESIGN AND APPROACH
The schematic for a flexible cable fabricated using flex fabrication processing is shown.

Cross-sectional view of metallic side-shielding added to flex circuit
cabling
The approach mainly uses dielectric material such as KaptonTM and conducting material such as
Copper for fabricating electrical structures that are mechanically flexible and can be rolled up as
sheets. This assembly provides stability against mechanical vibrations and bending stresses
during installation and repair. Also, these circuits are qualified to sustain their electrical and RF
performance, such as radiation, emission and cross-talk, as well as mechanical and electrical
stability against stresses induced by environmental changes.
FUTURE AVENUES
Flexible circuits act as substrates to distributed components such as sensors and micro controllers
that can be embedded as an integral part of the electrical structures. Light Emission Diodes
(LED) integrated with flexible cables can be used for duct inspections; thermocouples fabricated
using different metal traces, resistor weighting circuits for fault detection, etc. In addition to the
flexible circuits, there is an increased research in direct connection of these circuits using
Anisotropic Conductive Films (ACF) that conduct in one direction only. Novel techniques are
underway to study and develop this interface technique to exploit the advantages of flex circuits.
COMMERCIALIZATION
The usage of CAD (Computer Aided Design) tools for flex circuit manufacturing provides the
flexibility of quicker testing, debugging and installation. By eliminating overhead of packaging
material, these circuits provide less bulky circuits with higher packaging density. This is
attributed to the fact that in a flex cable design, all conductors are sized to current loads and
voltage capacity. Also, the capability to manufacture these structures in bulk quantities and quick
turn around times to market makes them especially attractive to system applications. These
circuits are finding their applications in every field of the industry other than just avionics due to
these engaging advantages.
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APPENDIX B: EXECUTIVE SUMMARY OF NEWLY CREATED INTELLECTUAL
PROPERTY
The designs and data generated by this research are an Intellectual Property of Q-flex,
Inc., and University of Arkansas, and have been developed with funding supported by STTR
Phase II FA9453-04-C-0288, "Multi Functional Structures (MFS) for Aerospace Vehicles". The
data generated during Phase I and Phase II of this study will be used for further development of
the Multi Functional Structures qualifications and Anisotropic Conductive Films study. No
patent disclosures have been submitted for this work.
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APPENDIX C: POTENTIAL PATENT AND COMMERCIALIZATION ASPECTS OF
LISTED INTELLECTUAL PROPERTY ITEMS

C.1 PATENTABILITY OF INTELLECTUAL PROPERTY
Multifunctional Structures (MFS) are an ongoing study and the data generated using this
research, by collaboration between Q-flex, Inc., California and the University of Arkansas,
Fayetteville, AR will be used to better understand the electrical and mechanical performance of
flexible circuits. The use of Anisotropic Conductive Films (ACF) for flex-flex connections has
been investigated and further work needs to be carried out to qualify the use of these tapes for
such connections and characterize the effects of material, size and shape of conductive particles
in these tapes and its effect on the interface electrical and mechanical performance. Currently, no
patent disclosures have been submitted for this work. The data generated will be used to better
understand design and performance improvement opportunities in Flexible Cable designs and
flex-flex bonding techniques.

C.2 COMMERCIALIZATION PROSPECTS
The work presented in this study can be used for further understanding flex circuit
designs & its effect on electrical and mechanical performance. Various testing methodologies to
qualify these structures is presented. These test techniques and the data generated can potentially
be used to improve designs for flexible electronic structures to develop avionics for future
aerospace vehicles.
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C.3 POSSIBLE PRIOR DISCLOSURE OF IP
The fabrication of these flexible circuits employs various Printed Circuit Board
fabrication techniques developed by Q-flex, Inc., using various processing techniques and steps
as mentioned in the Fabrication section of this document. Prior work has been done by David
Barnett, who was the technical consultant for the project representing Q-flex, Inc. in developing
Multifunctional Structures This work will be useful in developing light weight electronic
packaging circuits that will be helpful for building light weight, fuel efficient avionics for
aerospace studies and also in the aircraft industry.
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APPENDIX D: BROADER IMPACT OF RESEARCH

D.1 APPLICABILITY OF RESEARCH METHODS TO OTHER PROBLEMS
The test methodologies used for the flexible cables as well as flex-flex bonds can be
extended to different circuits and devices that employ this approach. It provides the flexibility of
higher packaging density combined with a reduction in the scaling the designs. The use of CAD
programs to design these structures helps develop designs for customized applications, hence
providing more leverage to change the design as required. Also, the flex-flex bonding approach
using ACF tapes can be used for mounting other devices on different substrates using the Zdirection conduction.

D.2 IMPACT OF RESEARCH RESULTS ON U.S. AND GLOBAL SOCIETY
The use of light weight flexible electronics in avionics to replace the conventional bulky
harnesses will definitely impact the overall payload capacity of aerospace vehicles. This is
definitely a promising switch to help build fuel efficient spacecrafts and commercial aircrafts. In
this era when switching to non-conventional energy resources is becoming a major priority,
building more energy efficient designs is definitely something that everyone is planning to
embrace.

D.3 IMPACT OF RESEARCH RESULTS ON THE ENVIRONMENT
There is no adverse impact of this research from an environmental perspective. The
fabrication of the flexible cable structures was carried out with our industrial partners at Q-flex,
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Inc., Santa Ana, CA. The removal and disposal of the industrial waste generated during the
fabrication process is done under controlled conditions and is regulated under permissible limits
after treatment with harmless chemicals. Also, the testing of the structures is carried out at
Arkansas Analytical Laboratory under controlled conditions.
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APPENDIX E: MICROSOFT PROJECT FOR MS MICROEP DEGREE PLAN
Page intentionally left blank.
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APPENDIX F: IDENTIFICATION OF ALL SOFTWARE USED IN RESEARCH AND
THESIS/DISSERTATION GENERATION
Computer #1:
Model Number: Dell Inspiron 700m
Location: Laptop Personal
Owner: Abhishek N Singh
Software #1:
Name: Microsoft Windows XP Professional
Purchased by: Abhishek N Singh
76487-OEM-0011903-00102
Software #3:
Name: Microsoft Office 2000
Purchased by: University of Arkansas Site License
Computer #2:
Name: AutoCAD
Purchased by: Dept. of Mechanical Engineering Lab, University of Arkansas,
Fayetteville
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APPENDIX G: ALL PUBLICATIONS PUBLISHED, SUBMITTED AND PLANNED
1. D. Barnett and H. Uka, “Flexible Circuit Applications in Flight Hardware” in
Infotech@Aerospace, Arlington, Virginia, Sep. 26-29, 2005
2. Anisotropic

Conductive

Films

for

Flex-Flex

Bonding

Abhishek Singh, Ajay P. Malshe, University of Arkansas; K. Uka, David M. Barnett, QFlex, Inc. – IMAPS 2006, October 11, 2006

122

APPENDIX H: HTTP://WWW.TURNITIN.COM ORIGINALITY REPORT
The following 29 pages contain the originality report returned by the plagiarism check on the
www.TurnItIn.com website on July 27, 2012.
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